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  Pref ace   

 The studies on long and short noncoding RNAs (ncRNAs) brought mammalian 
gene regulation into a new era, adding a complete new layer of cell signaling to the 
holistic gene regulatory network. Prior to their identifi cation in mammalian cells, 
biologists had focused on regulatory events mediated merely by protein signaling. 
With the advance of whole genome research, we now know that protein-coding 
genes represent only less than 2 % of all human genome, while more than 90 % of it 
transcribes noncoding RNAs that lack protein-coding functions. Although once 
considered as evolutionary junk or transcriptional noise, ncRNAs emerge as crucial 
regulators in numerous physiological and pathological processes. The new fi ndings 
in ncRNAs have changed the classic viewpoint of molecular biology that genetic 
information fl ows from DNA to RNA to protein. In the last decade, ncRNAs, espe-
cially microRNAs of around 18–22 nucleotides and long noncoding RNAs of larger 
than 200 nucleotides, have been studied extensively in a variety of diseases. 

 Cancer is among the fi rst disease models, in which ncRNAs were studied in 
depth. Recently, the knowledge of ncRNA deregulation in expression or function 
that leads to cancer formation and development is increasing rapidly. A burst of 
studies have shown that ncRNAs play an integral role in nearly every aspect of can-
cer biology and determine carcinogenesis and metastasis. NcRNAs in tissues or in 
blood are promising cancer biomarkers for risk assessment, diagnosis, prognosis, 
and monitoring treatment response. More importantly, ncRNAs may serve as thera-
peutic targets for cancer treatment, while effective strategies for short ncRNA deliv-
ery into cancer cells in vivo are being extensively explored. Therefore, ncRNAs are 
now considered as one of the most important molecules in cancer research. 

 Early in 1993, the fi rst microRNA (miRNA) lin-4 was identifi ed in  Caenorhabditis 
elegans , which targets the complementary heterochronic gene lin-14. Almost a 
decade later, a study from the Calin’s group demonstrated a frequent deletion of 
miR-15 and miR-16 loci in chronic lymphocytic leukemia, which was the fi rst evi-
dence indicating a signifi cant role of miRNAs in cancer pathogenesis. Currently, 
miRNAs have been widely implicated in the processes of cancer development by 
regulating proliferation, apoptosis, invasion, and metastasis of cancers, either as 
oncogenes (oncomiRs) or as tumor-suppressing genes, and are deeply involved in 
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all of the ten hallmark features of human malignancies. Owing to the unique expres-
sion profi le and biological function of miRNAs in various cancers, a breathtaking 
explosion of research was performed in the past decade to investigate their roles in 
cancer diagnosis as biological markers and in anticancer strategy as novel therapeu-
tic targets. 

 Different from miRNA, the discovery of lncRNA could be traced back to 1990 
when H19 was identifi ed as a functional RNA molecule for imprinting, which was 
proved to be an epigenetic modulator later on. Evidence for lncRNA involvement in 
cancer development was provided in 2003, when MALAT-1 was found to be able to 
predict both the metastasis and survival for patients with early-stage non-small cell 
lung cancer. In recent years, we have witnessed an exponential growth of data delin-
eating the regulatory roles of lncRNAs in multiple biological features of malignant 
tumors. Among them, HOTAIR is the most extensively studied lncRNA that exerts 
protumor effects in a variety of cancers as it promotes the invasion and metastasis 
of cancer cells. The versatile biological function of lncRNAs in cancer biology 
makes them attractive diagnostic markers and therapeutic targets for a spectrum of 
cancers, although it is still early to bring lncRNA-based antitumor therapeutics into 
clinical practice. 

 Apart from the linear RNAs with 5ʹ-caps and 3ʹ-tails as termini, ncRNAs can also 
be circular (circRNAs) as they form covalently closed loop structures without 5ʹ–3ʹ 
polarity. The earliest discovered circular RNA dated back to 1976 in plant viroids, 
but this ncRNA type was not fully appreciated until 2013 when circRNA CDR1as 
was identifi ed. Two years later, scientists reported for the fi rst time that the abun-
dance of circRNA was negatively correlated with proliferation of colorectal and 
ovarian cancer cells. Thereafter, more and more studies have revealed the implica-
tion of circRNAs in cancer biology and cancer progression. Meanwhile, increasing 
evidence is emerging that circRNAs in either tissue or serum are of great value as 
novel biomarkers for cancer diagnosis, while it remains an untapped gold mine for 
further discovery of circRNA-based therapeutic targets in the treatment of human 
malignancies. 

 In view of the above, ncRNAs have emerged as key players in tumor biology and 
are of great value in cancer diagnosis and treatment. In the last 10 years, an explo-
sive amount of research has shed light on our understanding of ncRNA functions in 
regulating cancer biology and the potential roles of ncRNAs in antitumor clinical 
practice, which calls for a timely and systemic review of the knowledge in this fi eld. 

 It is, however, impossible to cover all aspects of ncRNA research in the fi eld of 
cancer within a single book. What we present here includes the molecular working 
modules of ncRNAs in cancer biology, the biological function of ncRNAs in modu-
lating cancer hallmarks, and the potential of ncRNA application in cancer diagnosis 
and treatment. We hope that this book will be timely and topical in contributing a 
state-of-the-art understanding of the complex molecular mechanisms of ncRNAs in 
cancer signaling and the miscellaneous biological functions of ncRNAs in cancer 
biology.  

  Guangzhou, China     Erwei     Song     

Preface
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    Chapter 1   
 Noncoding RNAs: New Players in Cancers                     

     Xueman     Chen    ,     Siting     Fan    , and     Erwei     Song    

    Abstract     The world of noncoding RNAs (ncRNAs) has gained widespread atten-
tion in recent years due to their novel and crucial potency of biological regulation. 
Noncoding RNAs play essential regulatory roles in a broad range of developmental 
processes and diseases, notably human cancers. Regulatory ncRNAs represent mul-
tiple levels of structurally and functionally distinct RNAs, including the best- known 
microRNAs (miRNAs), the complicated long ncRNAs (lncRNAs), and the newly 
identifi ed circular RNAs (circRNAs). However, the mechanisms by which they act 
remain elusive. In this chapter, we will review the current knowledge of the ncRNA 
fi eld, discussing the genomic context, biological functions, and mechanisms of 
action of miRNAs, lncRNAs, and circRNAs. We also highlight the implications of 
the biogenesis and gene expression dysregulation of different ncRNA subtypes in 
the initiation and development of human malignancies.  

  Keywords     Noncoding RNA   •   MicroRNA   •   Long noncoding RNA   •   Circular RNA   
•   Gene expression regulation   •   Cancer  

1.1       Introduction 

 Cancer is a heterogeneous disease involving disorders in cell proliferation, 
differentiation, and death and remains a great challenge in modern medicine. 
Tumorigenesis in human is a multistep process driven by progressive genetic abnor-
malities. Either loss of function in tumor suppressor genes or upregulation of onco-
genes can contribute to the malignant transformation. Traditionally, these genes 
were thought to exert their functions through DNA transcription and subsequent 
protein translation based on the Central Dogma of molecular biology. RNA was 
previously viewed as a mere transmitter of genetic information and was not fully 

        X.   Chen    •    S.   Fan    •    E.   Song      (*) 
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appreciated until the 1980s, when its signifi cant cellular roles as regulators and 
effectors were unveiled [ 1 ]. 

 According to the Encyclopedia of DNA Elements (ENCODE) project, which is 
the most comprehensive effort yet for surveying transcription in human cells, 
protein-coding genes account for only 2–3 % of the total human genome, of which 
at least 75 % is actively transcribed without encoding protein [ 2 – 4 ]. The discovery 
of ncRNAs in the 1950s began to undermine the scientifi c level of the Central 
Dogma, but this information still failed to eliminate such notoriety as spurious 
body “garbage” or scrambled transcriptional “noise” for decades. Early in 1969, 
however, a model was postulated for the participation of ncRNAs in gene expres-
sion regulation in eukaryotes, whereby ncRNAs serve as signaling intermediates 
between sensory genetic elements and receptor elements, thus affecting coding 
gene production [ 5 ]. With the establishment and development of genome-wide 
approaches, high-throughput genome sequencing technologies, and functional 
in vivo models, increasing biological roles of ncRNAs in human cancers have 
emerged as promising regulators of epigenetic, transcriptional, and posttranscrip-
tional gene expression. Generally, a threshold of 200 nucleotides (nt) divides 
regulatory ncRNAs into short (or small) and long (or large) ncRNAs [ 6 ,  7 ]. Linear 
lncRNAs can be distinguished from circular isoforms by appearance. Small 
ncRNAs (sncRNAs) comprise miRNAs, short interfering RNAs (siRNAs) and 
PIWI- interacting RNAs (piRNAs). 

 To date, miRNAs are the most extensively studied small subclass of ncRNAs in 
cancer. MicroRNAs are small, endogenous, single-stranded RNAs ~22 nt long, and 
they are encoded by eukaryotic nuclear DNA. Although the discovery of miRNAs 
can be traced back to 1993, when lin-4 was identifi ed in  Caenorhabditis elegans  [ 8 , 
 9 ], the term “microRNA” was not introduced until 2001 [ 10 – 12 ]. Thereafter, the 
Calin laboratory reported frequent deletion of miR-15 and miR-16 loci in B-cell 
chronic lymphocytic leukemia (B-CLL), indicating the involvement of miRNAs in 
cancer development for the fi rst time [ 13 ]. Subsequent studies began to uncover the 
function of miRNAs as “oncomiRs,” acting as transcriptional and posttranscriptional 
negative gene regulators by pairing to their target messenger RNAs (mRNAs). 
Currently, there is a plethora of publications describing the correlations between 
miRNAs and cancer pathogenesis, diagnosis and treatment. 

 Long ncRNAs are a heterogeneous group of RNAs ranging from 200 to 100,000 
nt in length [ 9 ]. Similar to the generation of mRNAs, lncRNAs are products of RNA 
polymerase II/III (Pol II/III) transcription at any region in the genome, although 
they feature a lack of extended open reading frames (ORFs), polyadenylated or not 
[ 11 ]. Since the 1970s, a variety of lncRNAs have been identifi ed across diverse spe-
cies, including plants, invertebrates and mammals [ 14 ,  15 ]. The earliest- discovered 
gene-specifi c regulatory role of lncRNAs dates back to the early 1990s, represented 
by the epigenetic modulators H19 [ 16 ] and Xist [ 17 ,  18 ]. Even so, it was not until 
the late winter and early spring of 2007–2008 when three landmark studies high-
lighted the tremendous potential of lncRNAs [ 19 – 21 ]. Recent genome- wide asso-
ciation studies (GWAS) have rapidly unraveled lncRNAs as pivotal molecules 
regulating gene expression at the epigenetic, transcriptional, and posttranscriptional 
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levels, supported by their tissue-specifi c expression patterns, subcellular  distribution, 
and developmental regulation [ 1 ]. 

 Unlike linear RNAs, circRNAs feature covalently closed loop structures without 
5′ caps or 3′ tails. The fi rst circRNA was identifi ed in plant viroids in 1976 [ 22 ], 
followed by more extensive identifi cations in yeast mitochondrial RNAs [ 23 ] and 
hepatitis δ virus [ 24 ] within the decade. Although in the 1990s circRNAs were 
found to locate in exons [ 25 – 27 ], introns [ 28 ,  29 ], as well as intermediates escaping 
from intron lariat debranching [ 28 – 30 ], they were misinterpreted as by-products of 
spliceosome-mediated splicing errors [ 31 ,  32 ], with no place in biological processes 
[ 33 ]. In 2013, circRNAs fi nally attracted researchers’ attention due to two simulta-
neously published studies on CDR1as in  NATURE  [ 34 ,  35 ], and since then, evi-
dence of altered circRNA expression in diverse types of tumors has emerged. 

 As the role of regulatory ncRNAs in cancers has been a major focus of recent 
research, we will provide a summary overview of the biogenesis pathways of three 
major ncRNAs – miRNA, lncRNA and circRNA – and, more importantly, of their 
signifi cant gene-regulating roles in cancer initiation and development as well as 
specifi c functional mechanisms in this chapter. We will also highlight the 
implications of these ncRNAs in cancer-related clinical applications, such as cancer 
diagnosis, treatment, and prognosis. Lastly, we will briefl y introduce other cancer- 
associated ncRNAs, including siRNAs, piRNAs, and “classic” housekeeping 
ncRNAs, such as ribosomal (r)RNAs, transfer (t)RNAs, small nuclear (sn)RNAs, 
and small nucleolar (sno)RNAs.  

1.2     The Landscape of MicroRNAs 

 MicroRNAs are well characterized as a large class of gene regulators found in plants 
and animals [ 36 ]. Many of them are conserved throughout evolution, from worms 
to human, with either oncogenic or tumor-suppressive functions [ 37 ]. MicroRNAs 
are grouped into families based on sequence homology, which is found primarily at 
the 5′ end of mature miRNAs [ 37 ]. Therefore, the targets of a miRNA family are 
likely to overlap among members; thus, a single mRNA can be targeted by multiple 
miRNAs, and an individual miRNA can have more than one mRNA targets. 

1.2.1     MicroRNA Biogenesis and Functional Mechanism 

 Propelled by the discovery of let-7 miRNA in  C. elegans  [ 38 ], scientists soon 
elucidated the biogenesis pathways of miRNAs. The majority of miRNAs are 
processed from dedicated miRNA gene loci, while approximately 30 % from introns 
of coding genes, both of which can be transcribed by RNA Pol II into primary 
miRNAs (pri-miRNAs) [ 39 ]. An individual pri-miRNA can produce either a single 
miRNA or clusters of two or more miRNAs [ 39 ]. These long transcripts are 
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subjected to microprocessing by the double-stranded RNase III enzyme DROSHA 
and its essential cofactor, the double-stranded RNA (dsRNA)-binding protein 
DGCR8, leaving ~60–70-nt precursor miRNAs (pre-miRNAs) with imperfect stem- 
loop hairpins fl anked by single-stranded RNA (ssRNA) in the nucleus [ 40 – 43 ]. 
These intermediates are then exported into the cytoplasm by exportin-5(XPO5)-
RanGTP, a nuclear transport receptor complex [ 44 – 46 ]. Subsequently, another 
RNase III enzyme, DICER1, measuring from the 5′ and 3′ ends of pre-miRNAs 
[ 47 ], triggers the asymmetrical cleavage of the dsRNA hairpin, generating ~22-nt 
miRNA-miRNA* duplexes (miRNA is the antisense or guide/mature strand, while 
miRNA* is the sense or passenger strand) with 2-nt overhangs at the 3′ end [ 48 – 51 ]. 
DICER1, transactivation-responsive RNA-binding protein (TRBP; also known as 
TARBP2), and an Argonaute protein (generally AGO1) then interact and assemble, 
triggering the formation of the miRNA-associated multiprotein RNA-induced- 
silencing complex (miRISC) [ 52 ]. During AGO loading, the passenger strand is 
cleaved, while the guide strand is incorporated into the functional miRISC. It then 
undergoes a causative procedure for gene silencing, specifi cally, targeting 
complementary mRNAs [ 53 ]. 

 Mechanically, miRNAs regulate gene expression in a sequence-specifi c fashion, 
which either results in mRNA cleavage and degradation or simply accounts for 
translational repression, depending on the degree of complementarity between the 
5′ seed region and the 3′ untranslated region (3′ UTR) of the mRNA [ 37 ,  54 – 56 ]. In 
plants, perfect-to-near-perfect base pairing often leads to the cleavage of target 
mRNAs and subsequent gene silencing in the so-called RNA interference (RNAi) 
pathway [ 57 – 60 ]. Alternatively, for only partially complementary miRNA binding 
in the mRNA 3′ UTR, target protein levels decrease, while mRNA levels may or 
may not be affected [ 61 ]. This phenomenon has been reported to occur in mammals 
[ 9 ,  48 ,  62 ,  63 ]. In human, however, miRNAs mainly cause translational inhibition, 
with infrequent mRNA cleavage and degradation [ 36 ].  

1.2.2     Deregulation of miRNA Biogenesis in Cancers 

 As predicted, miRNAs regulate ~90 % of human gene expression [ 64 ], and their 
roles have been shown to include cellular regulation in various biological processes, 
such as the cell cycle [ 37 ], proliferation [ 65 ], apoptosis [ 66 ], invasion [ 67 ,  68 ] and 
metastasis [ 69 ,  70 ]. Hence, any dysregulation in the pathway of miRNA biogenesis 
is likely to be associated with cancer development. The current fi nding that most 
miRNAs are decreased in tumor tissues compared with normal adjacent tissues also 
indicates that the miRNA biogenesis pathway might be impaired in cancer at the 
transcriptional or posttranscriptional level [ 71 ,  72 ]. 

 First, dysregulated miRNA expression can arise from genetic variations that alter 
pri-miRNA transcription and eventually up-/downregulate target mRNAs that might 
play pivotal roles in tumors. This mechanism is exemplifi ed by overexpression of 
oncogenic miRNAs (such as the miR-17–92 cluster) resulting from genomic 
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amplifi cation and the downregulation of miRNAs acting as tumor suppressors (such 
as the miR-15a/16-1 cluster) from deleted genomic regions [ 73 ]. Similar mechanisms 
involve transcriptional regulation by tumor-suppressive or oncogenic factors, 
together with the epigenetic alteration of histone proteins and DNA. Such cases 
include inhibition of the entire miR-200 family (miR-200a, −200b, −200c, −141, 
−429) by the transcription factors (TFs) zinc fi nger E-box-binding homeobox 1 
(ZEB1) and 2 [ 74 ], along with the transactivation of the miR-34 family (miR-34a, 
miR-34b and miR-34c) by P53 [ 75 – 77 ] and the miR-17–19 cluster by MYC, both 
of which promote apoptosis in cancer [ 78 ,  79 ]. Moreover, DNA methylation and 
histone modifi cations induce the epigenetic silencing of certain miRNAs in neo-
plasms [ 80 ]. In addition, a wide variety of defects, such as somatic mutations in 
components of the miRNA processing machinery containing DROSHA, DGCR8, 
XPO5, DICER1, TRBP and other miRNA regulators (such as LIN28 for let-7 
blockade and the Hippo signaling pathway), have been revealed to contribute to 
tumorigenesis [ 81 – 87 ].  

1.2.3     Biological Roles of miRNAs in Cancers 

 Given that the functional mechanism of miRNAs is to target specifi c mRNAs, their 
function as oncogenes or tumor suppressor genes depends in large part on the roles 
of their mRNA targets and the cellular context [ 88 – 90 ]. Generally, miRNAs with 
tumor-suppressive potency contribute to oncogene overexpression through their 
poor abundance in tumors; in contrast, miRNAs upregulated in tumors are identifi ed 
as oncomiRs that assist tumorigenesis by downregulating tumor suppressors. 
Currently, more specifi c roles of miRNAs have been associated with the hallmark 
capacities of human cancers, as proposed by Hanahan and Weinberg [ 91 ,  92 ], which 
include: (1) sustaining proliferative signaling; (2) evading growth suppressors; (3) 
resisting cell death; (4) enabling replicative immortality; (5) inducing angiogenesis; 
(6) activating invasion and metastasis; (7) genome instability and mutation; (8) 
tumor-promoting infl ammation; (9) reprogramming energy metabolism; and (10) 
evading immune destruction. 

1.2.3.1     Sustaining Proliferative Signaling 

 Unlike normal cells that are strictly regulated by the production and release of 
growth signals, which control the cell growth-and-division cycle, cancer cells block 
the resultant homeostasis of cell number, tissue architecture and function by dys-
regulating these cell cycle regulators, resulting in limitless growth and proliferation 
[ 92 ]. A plethora of miRNAs has been reported to interact directly with growth-
promoting or anti-proliferation factors, thereby exerting their tumor- suppressive or 
oncogenic functions. The critical mitogenic signals in the proliferation pathways in 
which miRNAs participate involve RAS, Myc, PI3K (phosphoinositide 3-kinase)/

1 Noncoding RNAs: New Players in Cancers
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PTEN (phosphatase and tensin homolog), or ABL, as well as members of the RB 
(retinoblastoma) pathway, cyclin-CDK (cyclin-dependent kinase) complexes or cell 
cycle inhibitors of the INK4 or Cip/Kip families [ 93 ]. The miR-17–92 cluster, com-
prising miR-17-5p, miR-17-3p, miR-18a, miR-19a, miR-19b-1, miR-20 and miR-
92-1, has been found to reside in a wide range of cancer types with high abundance, 
including lymphoma, lung, breast, stomach, colon, and pancreatic cancer [ 78 ,  88 , 
 94 ]. Among this family, miR-17-5p and miR-20a can be activated by c-Myc and 
negatively regulate the tumorigenic levels of transcription factor E2F1, shifting the 
E2F transcriptional balance toward the proliferative E2F3 transcriptional network 
[ 78 ,  95 ]. Moreover, miR-221 and miR-222 are aberrantly overexpressed in glioblas-
toma, affecting the cell cycle and apoptotic cell death through the inhibition of 
p27 Kip1 , a second member of the Cip/Kip family [ 96 ,  97 ]. In contrast, the let-7 fam-
ily possesses tumor-suppressive potency, including antiproliferative activity. It com-
prises 12 members (let-7a-1, let-7a-2, let-7a-3; let-7b; let-7c; let-7d; let-7e; let-7f-1, 
let-7f-2; let-7 g; let-7i; miR-98) located at eight unlinked chromosomal loci [ 98 ]. 
Consistent downregulation of let-7 was found in lung cancer compared with normal 
adjacent tissue, while overexpression of let-7 could block lung cancer cell growth 
and proliferation [ 65 ,  99 ]. Mechanically, the let-7 family directly regulates multiple 
oncogenes, such as MYC, the RAS family (HRAS, KRAS and NRAS) and high-
mobility group AT-hook 2 (HMGA2) [ 100 – 103 ], and promoters of cell-cycle pro-
gression, including CDC25A, CDK6, and cyclin D2 [ 65 ]. Studies from our 
laboratory further showed that low levels of let-7 in breast cancer stem cells (BCSCs) 
led to the upregulation of HRAS and HMGA2, indirectly promoting the self-renewal 
and differentiation of BCSCs [ 104 ]. Moreover, the overexpression of let-7 decreased 
the proportion of undifferentiated cells in vitro and repressed mammosphere forma-
tion, neoplasia, and metastasis in NOD/SCID mice. To date, the LIN28/let-7 loop 
has been demonstrated to regulate almost all of the cancer hallmarks [ 105 ].  

1.2.3.2     Evading Growth Suppressors 

 As a complement to sustaining proliferative signals, cancers always manage to 
evade growth suppression from TP53, PTEN, pRB or the transforming growth fac-
tor β (TGFβ) tumor suppressor pathway. Among miR-34, a tumor suppressor 
miRNA family downregulated in cancers and transcriptionally activated by p53, 
miR-34a can directly target both TP53 itself and MDM4, a strong p53 transactivation 
inhibitor [ 106 ]. Another transcriptional repressor, Rb1, is posttranscriptionally 
inhibited by the overexpression of miR-106a in colon carcinoma, failing to cause a 
proliferative arrest [ 107 ]. Overexpression of the miR-106b-25 and miR-17-92 
clusters is under the control of TGFβ signaling in gastrointestinal and other tumors, 
interfering with cell cycle arrest and apoptosis [ 108 ]. Aberrant expression of miR- 
21 was reported in lung, breast, stomach, prostate, colon and pancreatic cancer 
[ 109 ]. A high level of miR-21 is responsible for the repression of PTEN in 
hepatocellular carcinomas (HCCs), thus facilitating tumor cell growth, proliferation, 
migration, and invasion [ 110 ]. It also accumulates to induce pre-B-cell lymphoma 
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in mice [ 111 ], accelerating KRAS-dependent lung carcinogenesis via the Ras/
MEK/ERK pathway [ 112 ].  

1.2.3.3     Resisting Cell Death 

 To achieve immortality, cancers must resist cell death induced by apoptosis, autoph-
agy and necrosis [ 92 ]. The miRNAs miR-15 and miR-16 constitute a small cluster 
located in 13q14, a minimal cancer-associated chromosomal fragile site in the 
genome [ 69 ]. They were fi rst reported to be commonly deleted in approximately 
60 % B-CLL patients and could perform a pro-apoptotic role through the 
mitochondrial pathway via targeting the anti-apoptotic protein Bcl-2 [ 13 ,  113 ]. The 
addition of exogenous miR-15a/16 resulted in the reduced expression of cyclin D1, 
a miR-15a/16 target and cell cycle regulator, thereby restoring cell control and 
increasing apoptosis [ 114 ]. Similar observations regarding the deletion of this 
cluster and the contrasting effect of its reintroduction were also made in multiple 
myeloma (MM) [ 115 ] and prostate cancer (PCa) [ 116 ]. 

 MiR-21 has been shown to act as an anti-apoptotic factor in glioblastoma cells 
[ 117 ]. The downregulation of miR-21 retards both breast cancer (BrCa) growth 
in vivo and cell growth in vitro, which accounts for increased apoptosis and reduced 
expression of Bcl-2 [ 118 ]. A recent study showed that miR-15a/16 could induce 
autophagy through Rictor, a component of the mTORC2 complex, partly contributing 
to the inhibition of cell proliferation and enhanced chemosensitivity of camptothecin 
[ 119 ]. Many other miRNAs, including miR-101, miR-30a, miR-34a, miR-204, and 
miR-375, are also involved in the regulation of autophagy through targeting 
autophagy-related proteins (ATGs) in various cancers [ 120 ].  

1.2.3.4     Enabling Replicative Immortality 

 In contrast to normal cells featuring fi nite replication, tumor cells are formed on the 
basis of immortalization. In normal cells, replicative potential is limited by cell 
division cycles due to telomere shortening, resulting in either senescence or crisis 
and ultimate cell death [ 92 ]. However, tumor cells acquire immortalization through 
governing telomere maintenance either via the upregulation of telomerase or, 
alternatively, the lengthening of telomeres [ 121 ]. The miR-290 cluster can infl uence 
telomere integrity and telomere-length homeostasis by targeting P130/RBL2 
(retinoblastoma-like 2 protein), another member of the pRB family, and regulating 
RBL2-dependent Dnmt expression [ 122 ]. Upregulation of miR-155 drives telomere 
fragility in BrCa cells by decreasing TRF1 (shelterin component TERF1) levels and 
TRF1 abundance at telomeres, increasing the genomic instability linked to poor 
disease outcome [ 123 ]. Additionally, miR-34a induces senescence-like growth 
arrest by regulating the E2F pathway in human colon cancer cells [ 124 ]. Furthermore, 
miR-24 promotes cell proliferation by targeting p27 Kip1  and p16 INK4a , both of which 
are CDK inhibitors, during cell division [ 125 ].  
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1.2.3.5     Inducing Angiogenesis 

 Tumor angiogenesis is a key step for supplying rapidly growing malignant tissues 
with essential nutrients and oxygen, permitting further tumor growth and progression. 
microRNAs also play a part in the “angiogenic switch” regulated by pro- and anti-
angiogenic factors, such as VEGF-A (vascular endothelial growth factor-A) and 
TSP-1 (thrombospondin-1), respectively. The endothelial-specifi c miR-126 directly 
targets Spred-1, an intracellular inhibitor of angiogenic signaling, to enhance the pro-
angiogenic actions of VEGF and FGF and to promote blood vessel formation, thus 
governing vascular integrity and mediating developmental angiogenesis [ 126 ]. In 
addition, miR-107 inhibits HIF-1β expression and controls the p53 regulation of 
hypoxic signaling as well as tumor angiogenesis in colorectal cancer (CRC) [ 127 ]. 
Furthermore, the up-/downregulation of the miR-17-92 cluster, miR-378, miR-296, 
miR-15b/16, and miR-200b also alters the expression levels of VEGF, TSP-1, and 
growth factor receptors during tumor angiogenesis [ 74 ,  79 ,  121 ,  128 ].  

1.2.3.6     Activating Invasion and Metastasis 

 Cancer metastasis is a complex process involving a succession of cellular events, 
whereby epithelial cells invade through the basement membrane, intravasate into 
the blood stream, disseminate through the circulation, extravasate to distal tissues/
organs, and adapt to the new environment for survival and proliferation. 
Accumulating studies have unveiled the role of miRNAs as metastasis activators or 
suppressors [ 68 ]. The miR-200 family plays a crucial role in tumorigenesis and also 
affects each step of the metastatic cascade [ 74 ]. Research has indicated that miR- 
200a and miR-200b retard ovarian cancer angiogenesis by targeting interleukin 8 
(IL-8) and chemokine ligand 1 (CXCL1) [ 129 ]. Additionally, the miR-200 cluster is 
a strong inhibitor of epithelial-to-mesenchymal transition (EMT). By targeting 
ZEB1 and ZEB2, the miR-200 family can further upregulate cellular E-cadherin 
levels and maintain a cell in a more epithelial-like state [ 130 ,  131 ]. In breast cancer, 
  miR-9 is aberrantly activated by MYC/MYCN and     directly targets CDH1, the 
E-cadherin-encoding mRNA, thus regulating E-cadherin levels and cancer 
metastasis [ 132 ]. By repressing programmed cell death 4 (PDCD4), miR-21 can 
enhance the metastasis of CRC [ 133 ]. Based on animal models, miR-10b, miR-103/
miR-107, miR-373 and miR-520c have been found to promote tumor metastasis, 
whereas miR-31, miR-34a, miR-126, miR-206 and miR-335 exert the opposite 
effect [ 134 ].  

1.2.3.7     Genome Instability and Mutation 

 Multistep tumor progression is largely initiated by the successive genomic altera-
tion of oncogenes, tumor suppressor genes, and miRNA genes. Genetic defects in 
DNA repair machinery, cell cycle checkpoints and telomeric DNA contribute to 
genomic instability and cancer predisposition [ 92 ]. As previously described, miRNA 
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genes frequently map to genomic regions that are deleted, amplifi ed or translocated 
in cancer, such that variations of miRNA expression and miRNA-mediated gene 
regulation are implicated as key processes of oncogenesis and progression [ 69 , 
 135 ]. Apart from the abovementioned miR-15a/16-1 (chromosomal fragile site) and 
miR-17–92 clusters (amplifi ed gene locus) [ 73 ], miR-155-induced telomere fragil-
ity can augment genomic instability in BrCa [ 123 ].  

1.2.3.8     Tumor-Promoting Infl ammation 

 Tumor-associated infl ammatory responses can make great contributions to the 
development of hallmark-facilitating programs through multiple functionally 
diverse but important bioactive molecules in the tumor microenvironment, such as 
growth factors sustaining proliferative signaling, proangiogenic factors and extra-
cellular matrix-modifying enzymes promoting angiogenesis, invasion, and metasta-
sis, among others [ 92 ]. Pro-infl ammatory cytokine (such as IL-6/STAT3 
pathway)-induced miR-21 overexpression is thought to account for infl ammation- 
induced tumorigenesis in human colon cancer by targeting IL12-p35 [ 136 ]. miR- 
155 is another oncogenic microRNA that can be stimulated by infl ammatory 
mediators, including TNFα and IFNβ, under pro-infl ammatory conditions [ 137 ]. 
Increased miR-155 is responsible for the hyperproliferation of B cells, a common 
hallmark of leukemia and lymphoma [ 138 ], and also causes the repression of p53- 
induced nuclear protein 1 (TP53INP1) in pancreatic cancers [ 139 ]. Our work also 
showed that downregulation of miR-98 and miR-27b by tumor-associated macro-
phages (TAMs)-derived CCL18 can facilitate BrCa metastasis [ 140 ].  

1.2.3.9     Reprogramming Energy Metabolism 

 The increased reliance on glycolysis for ATP generation is another hallmark of cancer 
cells, which has been termed the “Warburg effect.” To fuel extensive cell growth and 
division, most tumor cells preferentially operate glucose-dependent energy produc-
tion, bypassing the tricarboxylic acid cycle to convert it primarily to lactate; the gly-
colytic switch and altered energy metabolism are widespread in cancer cells despite 
available oxygen [ 92 ]. Currently, the role of miRNAs in the regulation of cancer meta-
bolic pathways is emerging. For example, in the case of miR-23a/b targeting gluta-
minase, its repression by c-Myc results in elevated mitochondrial glutaminase 
expression and thus glutamine metabolism (ATP and lactate generation) in human 
P-493 B lymphoma cells and PC3 prostate cancer cells [ 141 ].  

1.2.3.10     Evading Immune Destruction 

 Tumors are equipped with multiple mechanisms to evade early immunological 
surveillance or limit the extent of immunological killing, thereby regulating their 
susceptibility to lysis [ 92 ]. MicroRNAs can modulate the expression of genes that 
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are critically involved in both innate and adaptive immune responses (e.g., miR- 
181a, miR-223, miR-155, miR-132 and miR-146) [ 121 ] and can also exert regula-
tory functions in the immune response in cancer (e.g., miR-222 and miR-339, 
miR-155 and miR-17-92 cluster) [ 142 ]. miR-222 and miR-339 negatively regulate 
the expression of intercellular cell adhesion molecule (ICAM)-1, preventing the 
recognition and cytolysis of tumor cells by cytotoxic T lymphocytes (CTLs) [ 143 ]. 
The miR-17-92 cluster could confer resistance to tumor-derived immunosuppres-
sive factors and promote the type-1 skewing of T cells [ 142 ]. The overexpression of 
miR-155 in activated CD4+ T cells reverses the cancer-induced skewing toward Th2 
polarization and enhances effective Th1-type antitumor immune responses by 
inhibiting IFN-γ signaling [ 144 ]. 

 The roles of miRNAs in the hallmark capabilities of cancer cells quite often seem 
to overlap. A complete list of the miRNAs described herein and additional examples 
can be found in Table  1.1  below.

   Table 1.1    MicroRNAs and hallmarks of cancer   

 Cancer 
hallmark  microRNA  Expression pattern  Function  Reference 

 Sustaining 
proliferative 
signaling 

 miR-17–92 cluster  Up in lymphoma, lung, 
breast, stomach, colon, and 
pancreatic cancers 

 OG  [ 78 ,  88 ,  94 ] 

 miR-21  Up in hepatocellular 
carcinomas 

 OG  [ 110 ] 

 miR-221 and 
miR-222 

 Up in glioblastoma  OG  [ 96 ,  97 ] 

 let-7 family  Down in lung and breast 
cancers 

 TS  [ 65 ,  99 , 
 104 ] 

 miR-146a  Down in prostate cancer  TS  [ 145 ] 
 Evading growth 
suppressors 

 miR-34  Down in colon cancer  TS  [ 106 ] 
 miR-106a  Up in colon carcinoma  OG  [ 107 ] 
 miR- 106b- 25, 
miR-17-9 clusters 

 Up in gastrointestinal 
cancer 

 OG  [ 108 ] 

 miR-21  Up in lung, breast, 
stomach, prostate, colon, 
pancreas, and liver cancers, 
pre-B-cell lymphoma 

 OG  [ 109 – 111 ] 

 Resisting cell 
death 

 miR-15 and miR-16  Down in B-cell chronic 
lymphocytic leukemias, 
multiple myeloma, prostate 
cancer 

 TS  [ 13 ,  113 , 
 115 ,  116 , 
 119 ] 

 miR-21  Up in glioblastoma, breast, 
colon, lung, pancreas, 
prostate, and stomach 
cancers 

 OG  [ 107 ,  117 ] 

 miR-101, miR-30a, 
miR-34a, miR-204, 
miR-375 

 Down in cancers  TS  [ 120 ] 

(continued)
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Table 1.1 (continued)

 Cancer 
hallmark  microRNA  Expression pattern  Function  Reference 

 miR-29  Down in KMCH 
cholangiocarcinoma cell 
lines 

 TS  [ 146 ] 

 Enabling 
replicative 
immortality 

 miR-290  Down in DICER1-null 
cells 

 TS  [ 122 ] 

 miR-155  Up in breast cancer  OG  [ 123 ] 
 miR-34a  Down in colon cancer  TS  [ 124 ] 
 miR-24  Up in cervical carcinoma  OG  [ 125 ] 

 Inducing 
angiogenesis 

 miR-126  Up in endothelial cells  OG  [ 126 ] 
 miR-107  Down in colorectal cancer  TS  [ 127 ] 
 miR-17-92 cluster  Up in colon cancer  OG  [ 79 ] 
 miR-378  Up in papillary thyroid 

carcinoma 
 OG  [ 128 ] 

 miR-200, miR-200b  Down in ovarian cancer  TS  [ 129 ] 
 Activating 
invasion and 
metastasis 

 miR-200 family  Down in breast, stomach, 
lung, skin, liver, ovary, 
cervix, esophagus, colon, 
kidney, prostate, and 
bladder cancers 

 TS and 
OG 

 [ 74 ,  130 , 
 131 ] 

 miR-9  Up in breast cancer  OG  [ 132 ] 
 miR-21  Up in colorectal cancer  OG  [ 133 ] 
 miR-10b, miR-103/
miR-107, miR-373, 
and miR-520c 

 Up in breast cancer  OG  [ 134 ] 

 miR-31, miR-34a, 
miR-126, miR-206, 
and miR-335, let-7 
family 

 Down in breast cancer  TS  [ 134 ] 

 miR98 and miR27b  Down in breast cancer  TS  [ 140 ] 
 Genome 
instability and 
mutation 

 miR- 15a/16-1 
cluster 

 Down in B-cell chronic 
lymphocytic leukemias 

 TS  [ 69 ] 

 miR-17–92 cluster  Up in B-cell lymphomas 
and lung cancer 

 OG  [ 147 ,  148 ] 

 miR-155  Up in breast cancer  [ 123 ] 
 Tumor-
promoting 
infl ammation 

 miR-21  Up in colon cancer  OG  [ 136 ] 
 miR-155  Up in leukemia and 

lymphoma, pancreatic 
cancers 

 OG  [ 138 ,  139 ] 

 Reprogramming 
energy 
metabolism 

 miR-23a/b  Down in B lymphoma, 
prostate cancer 

 TS  [ 141 ] 

 Evading 
immune 
destruction 

 miR-222 and 
miR-339 

 Up in glioma  OG  [ 143 ] 

 miR-17-92 cluster  Up in activated T cells  TS  [ 142 ] 
 miR-155  Up in activated CD4+ T 

cells 
 TS  [ 144 ] 

   Up  upregulation,  down  downregulation,  TS  tumor suppressor,  OG  oncogene  
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1.2.4         Clinical Application of miRNAs in Cancers 

1.2.4.1     Diagnostics 

 Since the tissue and cell types responsible for dysregulated miRNA expression in 
cancers are increasingly understood, miRNA expression profi les possess great 
potency as biomarkers for cancer diagnosis, classifi cation, prognosis, and response 
to treatment. 

 For many types of cancer, early detection methods or screening tests are not 
available, are expensive, or are harmful for patients. However, miRNA-based indi-
cators have shown emerging promise in cancer diagnosis, which includes tumor 
stage classifi cation and refl ects the risk of cancer recurrence, disease progression, 
and patient death. The signifi cant reduction (80 %) of let-7 expression in lung can-
cer is coupled with frequent occurrence (43.8 %) relative to normal lung tissues 
[ 99 ]. On this basis, patients in the study could be classifi ed into two major groups. 
Simultaneously, reduced let-7 expression is associated with poor prognosis or 
shorter survival after resection [ 99 ,  149 ]. Another study showed that low let-7 and 
high HMGA2 expression are signifi cantly related to poor clinical outcome in 
advanced ovarian cancer [ 150 ]. Moreover, a fi ve-miRNA signature (let-7a,  miR- 221, 
miR-137, miR-372 and miR-182*) was found to predict survival and cancer relapse 
in NSCLC patients after surgery [ 151 ]. Other cases include the overexpression of 
miR-21 in colon adenocarcinoma (poor prognosis and therapeutic outcome) [ 152 ], 
low levels of miR-335 and miR-126 in primary breast tumors (recurrence and poor 
distal-metastasis-free survival) [ 153 ], and miR-122 downregulation in liver cancer 
(gain of metastatic properties and cancer progression) [ 154 ]. 

 Despite the tissue-specifi c miRNA expression signatures in cancer, miRNAs 
have also been found to circulate in body fl uids (e.g., blood, urine, sputum, or stool), 
acting as exosome-mediated intercellular messengers in a “hormone-like” manner 
[ 153 ,  155 ], as exemplifi ed by let-7 [ 156 ]. 

 Although these fi ndings are appealing, more large-scale prospective studies, 
rather than retrospective cohorts, are required to further bring miRNA-based 
diagnostics into clinical application. In addition, the intratumoral and intercellular 
heterogeneity of tumors should be fully considered when evaluating the practical 
application values of miRNAs [ 157 ].  

1.2.4.2     Therapeutics 

 The potential of miRNAs as oncogenes and tumor suppressors in tumor formation 
and progression has generated great therapeutic promise for drug targets. The mode 
of action of miRNA-based drugs depends on either suppressing their gain of func-
tion (for oncomiRs) or restoring their loss of function (for tumor-suppressive miR-
NAs) [ 157 ]. On the one hand, synthetic anti-miRNA oligonucleotides (AMOs) with 
20-O-methyl modifi cation have been shown to effectively mediate the inhibition of 
endogenous oncomiRs in cell culture and xenograft mouse models [ 158 ]. Such 
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antagomiRs could be applied to onco-miR-21, with potent suppression of glioblas-
toma and BrCa cell growth [ 117 ,  118 ]. Additionally, AMO administration to miR-
122 in mice and primates could alter the lipid metabolism and hepatitis C viral load, 
thereby reducing liver damage [ 159 ,  160 ]. On the other hand, as miRNAs are glob-
ally suppressed in tumor cells compared with normal tissues [ 71 ,  161 ], the reintro-
duction of specifi c miRNAs using mimetics or viral vector-encoded miRNAs could 
have a therapeutic benefi t in reversing neoplasia [ 158 ]. For example, the systemic 
delivery of a miR-26a mimic was shown to reduce tumor size in a murine liver can-
cer model [ 162 ]. MRX34 (Mirna Therapeutics, TX, USA), the fi rst-tested miRNA 
drug, is a miR-34 mimic designed to restore its tumor-suppressive function in can-
cer cells, which is currently being evaluated in clinical trials [ 157 ]. 

 Novel developments in pharmacological approaches involve the combination of 
miRNAs or miRNA/siRNA, which exhibit different degrees of antitumor therapeutic 
effects. In exploring more effective antitumor drugs, the potential of miRNAs (e.g., 
miR-200b and miR-200c) in chemoresistance also needs consideration and further 
investigation [ 74 ].    

1.3     The Landscape of Long NcRNAs 

 More complex than miRNAs, lncRNAs are far from exhaustively studied and 
remain intriguing regarding their biology and function. Well-characterized lncRNAs 
cannot hitherto be excluded by Xist (X inactive specifi c transcript) and its antisense 
Tsix (TSIX transcript, XIST antisense RNA) in X-chromosome inactivation (XCI) 
[ 163 ,  164 ], H19 and Air (antisense to IGF2R RNA) for imprinting [ 16 ,  165 ], 
HOTAIR (HOX antisense intergenic RNA) in trans regulating genes [ 166 ], as well 
as NRON (noncoding repressor of NFAT) in nuclear import [ 167 ]. Beyond these 
highly evolutionarily conserved examples, however, most lncRNAs are poorly 
conserved relative to sncRNAs and exert gene regulatory functions through diverse 
mechanisms that are as yet unknown. Therefore, nomenclature of lncRNAs lacks 
specifi cation and comprises multiple synonyms (i.e., long RNA, large RNA, mac-
roRNA, intergenic RNA, and NonCoding transcripts), urgently awaiting a single 
search term that refers to the same biological phenomenon and keeps abreast of the 
accumulating lncRNA literature [ 168 ]. 

1.3.1     Biogenesis and Classifi cation of LncRNAs 

 By virtue of the Pol II transcriptional machinery, a majority of known chromatin- 
associated lncRNAs are transcribed and processed like mRNAs, with additional 5′ 
capping, histone modifi cations associated with transcriptional elongation, and 
polyadenylation [ 169 ]. There are also nonpolyadenylated lncRNAs that derive from 
Pol III promoters [ 170 ,  171 ] and snoRNA-related lncRNAs (sno-lncRNAs) 
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expressed from introns via the snoRNP machinery (with the supplementary 
production of two snoRNAs) [ 172 ]. On the whole, the lncRNAs described thus far 
map to a wide range of gene regions, including intergenic regions [ 169 ], promoters 
[ 173 ], enhancers [ 174 ] and introns [ 175 ,  176 ]. 

 In light of the genomic proximity between neighboring annotated genes, 
lncRNAs can be classifi ed into fi ve broad categories: 

   (1)    Intergenic lncRNAs, also termed large intervening ncRNAs, lincRNAs, or 
stand-alone lncRNAs, whose transcriptional units are located independently 
between two coding genes, at least 5 kb from both sides, exemplifi ed by H19 
[ 16 ], Xist [ 17 ,  18 ] and lincRNA-p21 [ 177 ];    

  (2)    Intronic lncRNAs that arise from inside an intron of a coding gene without 
overlapping exons at either end, as is the case for COLDAIR, located in the fi rst 
intron of the fl owering repressor locus FLC [ 178 ];    

  (3)    Bidirectional lncRNAs, which initiate in divergent directions from promoter or 
enhancer regions, generally within a few hundred base pairs, thus generating 
enhancer-associated RNAs (eRNAs) [ 179 ,  180 ] and promoter-associated long 
RNAs (PALRs) [ 181 ], respectively;    

  (4)    Sense lncRNAs, which are transcribed in the same direction as coding genes 
with at least one exon overlapped, such as Gas5 (growth arrest-specifi c 5) and 
MALAT1 (metastasis-associated lung adenocarcinoma transcript 1) [ 182 ,  183 ];    

  (5)    Antisense lncRNAs, also called natural antisense transcripts (NATs), which are 
transcribed from the opposite strand of coding genes and overlap with sense 
mRNAs at the 5′ (divergent NAT or head to head) or 3′-ends (convergent NAT 
or tail to tail), such as the transcription of HOTAIR in an antisense manner from 
the mammalian homeobox transcription factors C (HOXC) locus on chromo-
some 12q13.13 [ 184 – 186 ].     

 Obviously, this classifi cation is too simple to cover the whole lncRNAome; cases 
such as pseudogenes and telomerase RNA (TERC) still lie outside the list. As such, 
additional categories are required to keep pace with the rapid appearance of new 
lncRNAs. In terms of size, the characterized lincRNAs often range from hundreds 
of nucleotides to several kilobases [ 169 ]. However, there are exceptionally long 
lncRNAs (macroRNAs) and very long intergenic noncoding RNAs (vlincRNAs), 
stretching tens of kb and 1 Mb, respectively [ 186 ]. Another problematic case is 
ANRIL (antisense noncoding RNA in the INK4 locus), which is a lincRNA [ 187 ], 
a NAT [ 187 ], and also a circRNA [ 188 ]. Although other grouping criteria are 
emerging based on correlation with coding genes, coding RNA resemblance, 
interaction with RNA-binding proteins (RBPs), sequence and structure conservation, 
stability, and cellular functions, among other factors [ 189 ], there is still need for an 
integrative framework of annotation and classifi cation for the whole lncRNAome, 
particularly with clearly assigned functionality.  
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1.3.2     Molecular Mechanisms of LncRNAs in Cancers 

 Representing the larger subset of ncRNAs in number and size, lncRNAs possess 
evolutionary complexity and regulatory specifi city, possibly functioning via the 
assembly of diverse proteins and interactions with DNA or RNA [ 168 ] or simply 
alone [ 190 ]. Here, we review several major but mutually nonexclusive actions of 
lncRNA executors as signals, decoys, guides, and scaffolds [ 191 ]. The corresponding 
functional mechanisms of certain lncRNAs in cancers will be described in detail in 
the following chapters. 

 First, the cell-type-specifi c expression of lncRNAs in response to a variety of 
environmental stimuli indicates that their expression is under considerable 
transcriptional control. In this case, lncRNAs can serve as molecular signals marking 
space, time, developmental stage, and expression for gene regulation. Thus, RNAs, 
rather than proteins, exert rapid regulatory effects. On the other hand, lncRNAs that 
are simply by-products of transcription also act as markers of functionally signifi cant 
developmental processes. Known examples include lincRNA-p21 and PANDA 
(P21 associated ncRNA DNA damage activated), which are induced by DNA 
damage in a p53-dependent manner [ 173 ,  177 ], as well as HOTAIR and HOTTIP, 
whose expression and signaling depend on anatomic positions [ 166 ]. 

 Second, lncRNAs transcribed from the gene regions of promoters and enhancers 
are likely to perform as decoys that negatively regulate transcription. They can 
merely sequester RBP targets (such as TFs and chromatin modifi ers) away from 
chromatin, thus preventing the effectors from functional execution. The 
abovementioned PANDA can also bind and sequester the NF-YA transcription 
factor, thus repressing NF-YA-induced apoptotic gene expression [ 173 ]. Similar 
cases involve Gas5 for glucocorticoid receptor (GR) [ 182 ] and MALAT1 for serine/
arginine (SR) splicing factors [ 183 ]. 

 Additionally, the role of lncRNAs as guides refers to the binding and recruitment 
of ribonucleoprotein (RNP) complexes onto specifi c target genes, followed by cer-
tain chromatin changes, either in cis, near the lncRNA genes, or in trans, to distant 
target genes. The interacting partners with catalytic action, brought on by lncRNAs, 
include activating complexes such as the trithorax group proteins (TxG), repressive 
complexes such as the polycomb group proteins (PcG), and combinations of TFs. In 
this case, lncRNAs, such as Air and Xist, can recruit chromatin modifi ers for the 
cis-acting silencing of adjacent sites [ 192 ,  193 ]. Conversely, lincRNA-p21, in asso-
ciation with heterogeneous nuclear ribonucleoprotein K (hnRNP-K), regulates gene 
expression through a trans-acting effect [ 177 ]. 

 Lastly, the most complex functional pattern is scaffold molecules, which were 
traditionally restricted to be proteins. Long ncRNAs with different domains can 
serve as central platforms, assembling a molecular cargo of specifi c combinations 
of distinct effector partners in both time and space, leading to the formation of RNP 
complexes and the fl ow of information. The lncRNA-RNP may remodel chromatin 
through histone methylation with the assistance of PcG proteins. ANRIL is an 
example that directly interacts with both PRC1 and PRC2, which are two members 
of the polycomb repressive complex (PRC), to cause gene silencing [ 194 ,  195 ]. 
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 Since classes of lncRNAs do not have exclusive functions, there are various 
combinations that can perform multiple biological functions. For example, the roles 
of HOTAIR vary from signal (transcribed with anatomic specifi city) to scaffold 
(assembly of both PRC2 and LSD1) and guide (targeting the bound PRC2 to its 
destined DNA sequence in trans) under diverse developmental cues [ 191 ]. As such, 
multifunctional lncRNAs can either deliver vital genomic messages or interact with 
other effector molecules, further altering gene expression patterns. 

 With the four lncRNA archetypes providing useful explanations and predictions 
of disease outcomes, our recent research reported for the fi rst time that there is a 
novel class of lncRNAs that directly regulate signaling pathways without the assis-
tance of other molecules. NF-κB interacting long noncoding RNA (NKILA), which 
maps to chromosome 20q13, can bind directly to NF-κB/IκB and competitively 
mask the IκB phosphorylation sites for IKK, thus stabilizing NF-κB/IκB to form a 
ternary complex and prevent NF-κB activation [ 190 ]. This ability demonstrates that 
lncRNA NKILA functions in cancer-associated infl ammation through direct inter-
play with the NF-κB signaling pathway [ 190 ]. 

 All in all, it is worth noting that the molecular mechanisms by which lncRNAs 
exert their function are far more versatile than was previously appreciated.  

1.3.3     Functional Mechanisms of LncRNAs in Cancers 

 After a brief introduction to the molecular roles of lncRNAs, we move on to their 
functional mechanisms in biological processes and neoplastic transformation [ 196 ]. 
In affecting the onset and progression of tumors, lncRNAs fulfi ll regulatory roles at 
almost every step of gene expression, from targeting epigenetic modifi cations in the 
nucleus to affecting mRNA stability and translation in the cytoplasm [ 197 ]. 

1.3.3.1     Epigenetic Regulation: in Cis and in Trans 

 The epigenetic control of gene expression is predominantly achieved by DNA 
methylation, a covalent modifi cation of cytosine, and posttranslational modifi ca-
tions of histone tails, such as acetylation, methylation, and phosphorylation [ 198 ], 
which in essence contribute to heritable changes in gene activity without altering 
the genomic sequence [ 199 ]. Discovered in human tumors in 1983, epigenetic 
alterations have been widely recognized as an essential mechanism in oncogenesis 
[ 200 ,  201 ]. 

 Long ncRNAs have been best characterized as epigenetic modulators, among 
which HOTAIR is the most extensively studied. Despite the diversity of functional 
pathways in tumors, HOTAIR is the fi rst lncRNA found to regulate chromatin 
dynamics in trans, that is, in association with chromatin proteins (PRC2) and their 
catalytic methyltransferase subunit (EZH2, enhancer of zeste homolog 2), to affect 
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gene expression in a trans-acting manner [ 202 ]. As mentioned, the major chromatin- 
modifying complexes PcG were fi rst identifi ed in  Drosophila  and serve as a bridge 
between lncRNAs and chromatin to modify local histones and modulate genomic 
programs [ 203 ]. However, the details of the mechanisms by which the complexes 
target specifi c genomic loci in mammals remain unclear. The HOTAIR target sites 
encompass the HOXD cluster in chromosome 2 and hundreds of additional loci 
spread across the genome [ 204 ]. With PcG occupied, these genes further undergo 
H3K27-trimethylation (H3K27-me3), a hallmark of gene silencing [ 197 ]. In addi-
tion to the binding of PRC2 with a structural domain at the 5′ end, HOTAIR also 
interacts at its 3′ end with a multiprotein complex formed by LSD1 (lysine- specifi c 
demethylase 1A, also called KDM1), REST (RE1-silencing transcription factor), 
and CoREST and then demethylates histone H3K4 to prevent gene activation [ 205 ]. 
Thus, HOTAIR acts as a modular scaffold onto which both the PRC2 and LSD1 
complexes can assemble, allowing the cooperation of H3K27-me3 and H3K4-
demethylation, which account for chromatin remodifi cation and ultimately tran-
scriptional inhibition [ 205 – 207 ]. Similarly, ANRIL is analogously overexpressed in 
cancers to bind both the PRC1 component Cbx7 and the PRC2 component Suz12 
(suppressor of zeste 12 homolog) to trimethylate H3K27, ultimately repressing the 
INK4a/p16 and INK4b/p15 tumor suppressor loci [ 194 ,  195 ,  208 ]. 

 On the other hand, many lncRNAs act in cis on local chromatin, thereby target-
ing chromatin modifi ers to neighboring genes of the parental allele where they are 
coded, as in the case of Igf2r (type II receptor of   insulin-like growth factor 2    ) 
imprinting by lncRNA Airn. This lncRNA recruits the G9a repressive epigenetic 
complexes to methylate H3K9 residues over the adjacent genomic region, followed 
by cis-acting silencing of the Igf2r/Slc22a2/Slc22a3 gene cluster on the paternal 
allele [ 192 ]. 

 In addition to histone modifi cations, lncRNA-mediated DNA methylation is also 
an important layer of epigenetic regulation in cancer. DNA methylation at CpG 
dinucleotides is commonly linked to the repression of gene expression involved in 
genomic imprinting and dosage compensation [ 209 ]. IGF2 (  insulin-like growth 
factor 2    ) is transcribed opposite to, and situated in the vicinity of, lncRNA H19, 
whose regions exhibit a parental origin-specifi c expression pattern [ 210 ]. Aberrant 
DNA methylation upstream from H19 promoters is in part responsible for the loss 
of imprinting of IGF2 in cancers [ 185 ,  211 – 214 ]. Another imprinted lncRNA, Xist, 
maintains dosage compensation for ~1000 genes on the X chromosome, including 
an entire female XCI [ 215 ]. Most importantly, the aberrant expression of X-linked 
oncogenes on the X chromosome potentially contributes to cancer phenotypes 
[ 215 ]. Additionally, antisense Tsix can mediate long-term Xist silencing through the 
recruitment of DNMT3A for Xist promoter hypermethylation [ 216 ,  217 ]. DNA 
methylation is catalyzed by the DNA methyltransferases (DNMTs), among which 
DNMT3A and DNMT3B methylate unmethylated cytosines, whereas DNMT1 
recognizes hemimethylated DNA [ 199 ]. Promoter-associated ncRNAs interacting 
with the rDNA promoter mediate de novo CpG methylation to silence rRNA genes 
by recruiting DNMT3B [ 218 ].  

1 Noncoding RNAs: New Players in Cancers

https://en.wikipedia.org/wiki/Insulin-like_growth_factor_2#Insulin-like growth factor 2
https://en.wikipedia.org/wiki/Insulin-like_growth_factor_2#Insulin-like growth factor 2
https://en.wikipedia.org/wiki/Insulin-like_growth_factor_2#Insulin-like growth factor 2


18

1.3.3.2     Transcriptional Regulation 

 Beyond epigenetic modulation, lncRNAs also serve as master regulators in 
transcriptional pathways. Essentially, lncRNA transcription may open the chromatin 
structure and expose binding domains for transcriptional machinery, thereby 
enhancing the expression of proximal coding genes. On the other hand, the 
occupancy of transcriptional machinery on a lncRNA gene locus can physically 
prevent binding to coding neighbors and repress their transcription [ 219 ]. In addition 
to the basal transcriptional machinery, lncRNAs may likewise directly target gene 
promoters due to their sequence complementarity and communicate with TFs, 
bypassing chromatin modifi ers [ 220 ]. 

 LincRNA-p21, a lincRNA activated by p53 upon DNA damage, binds and guides 
hnRNP-K to its genomic targets, leading to the transcriptional repression of anti- 
apoptotic genes in a p53-dependent pathway [ 177 ]. However, another p53-induced 
lncRNA that resides upstream of p21, PANDA, exerts the opposite effect by 
decoying NF-YA from its pro-apoptotic target genes, such as FAS and BIK, thereby 
contributing to tumor cell survival and chemoresistance [ 173 ]. 

 Another tumor suppressor for TF binding, Gas5, binds the GR’s DNA-binding 
domain by the formation of a secondary structure sharing sequence similarity with 
the steroid-responsive gene promoter [ 182 ]. In this case, Gas5 competitively 
prevents the glucocorticoid response elements from binding to DNA and inducing 
transcriptional activation to modulate cell survival and induce glucocorticoid 
resistance [ 182 ]. 

 More examples involve cytoplasmic NRON, which modulates the nuclear 
traffi cking of NFAT (nuclear factor of activated T cells) [ 167 ] and the relocation of 
SRs by nuclear MALAT1 to transcription sites [ 183 ].  

1.3.3.3     Posttranscriptional Regulation 

 In addition to its involvement in transcriptional regulation, MALAT1 also 
posttranscriptionally affects the expression of cytoskeletal and extracellular matrix 
genes by controlling alternative spicing based on interaction with SRs [ 221 ]. 

 Apart from mRNA processing, many other lncRNAs act through transport, the 
translational regulation of mRNA, and the stability control of proteins. Examples 
include iNOS (inducible nitric oxide synthase), which is stabilized by the interaction 
of its antisense lncRNA interacting with stabilizing factor HuR [ 222 ], and 
lincRNA-p21, which acts as a posttranscriptional inhibitor of polysome-bound 
β-catenin and JunB translation [ 223 ].  

1.3.3.4     Other Roles of LncRNAs in Cancers 

 In addition, lncRNAs can function as mRNA or miRNA sponges to inactivate 
growth-promoting, protumorigenic signaling pathways [ 219 ]. Long ncRNAs of this 
kind are branded as competing endogenous RNAs (ceRNAs) possessing one or 
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more sequences similar to other RNAs, whether coding or not. Such examples can 
be represented by the pseudogene PTENP1 (phosphatase and tensin homolog pseu-
dogene 1) in relation to its PTEN tumor suppressor gene. PTENP1 harbors miRNA 
binding sites and acts as a competitive “sponge” or decoy for PTEN mRNA-target-
ing miRNAs, leading to the upregulation of PTEN expression [ 224 ]. 

 There are also lncRNAs that serve as precursors for shorter functional RNAs, as 
exemplifi ed by the primary transcripts for mi/piRNAs [ 189 ]. H19 is the host gene 
for the primary miR-675 precursor [ 225 ,  226 ], and Gas5 hosts ten highly conserved 
snoRNAs [ 227 ].   

1.3.4     Biological Roles of LncRNAs in Cancers 

 Currently, high-throughput genomic technologies, such as microarrays and next- 
generation sequencing (NGS), together with functional studies help to identify 
many lncRNAs involved in a spectrum of tumors. The overexpressed and protumoral 
lncRNAs are referred to as onco-lncRNAs and include HOTAIR, H19, Xist, ANRIL, 
and MALAT1. In contrast, tumor suppressor lncRNAs with downregulated 
expression patterns in cancer include lincRNA-p21, Gas5, PTENP1, and lncRNA- 
LET (lncRNA low expression in tumor). For example, the high expression of 
HOTAIR with a pro-tumor effect has been implicated in various tumor types, 
including breast cancer [ 228 ], liver cancer [ 229 ], colorectal carcinoma [ 185 ], 
gastrointestinal stromal tumor [ 230 ], pancreatic cancer [ 231 ], non-small cell lung 
carcinoma (NSCLC) [ 232 ], nasopharyngeal carcinoma [ 233 ], laryngeal squamous 
cell carcinoma (LSCC) [ 234 ], esophageal squamous cell carcinoma (ESCC) [ 235 ], 
urothelial carcinoma [ 236 ], ovarian cancer [ 237 ], renal carcinoma [ 238 ], gall 
bladder cancer [ 239 ], nonfunctional pituitary adenoma [ 240 ], PCa [ 241 ], melanoma 
[ 242 ], and endometrial tumors [ 243 ]. 

 Accumulating evidence has unveiled a correlation between lncRNAs and the 
hallmark features of cancer [ 196 ], as shown in Fig.  1.1 . Here, we briefl y summarize 
the well-known lncRNAs in the essential stages of tumorigenesis and progression.

   Using proliferation and metastasis as examples, the overexpression of ANRIL, 
PANDA, PCAT-1 (prostate cancer-associated transcript 1) and PVT1 (plasmacytoma 
variant translocation 1) in PCa, GC, CRC and HCC promotes tumor cell survival, 
growth and proliferation through the mechanisms mentioned in the previous sections 
[ 173 ,  185 ,  194 ,  195 ,  208 ,  244 – 246 ], whereas lncRNA-p21, Gas5, and PTENP1, 
which are generally downregulated in cancers, contribute to repressed growth and 
proliferation together with enhanced apoptosis in colorectal, prostate, breast, gastric 
and renal cancer [ 182 ,  185 ,  224 ,  247 – 251 ]. In regard to tumor metastasis, the role of 
lncRNAs varies from promoter to suppressor or both: (1) HOTAIR, MALAT1 and 
PVT1 facilitate tumor invasion and metastasis in a diverse array of human malignan-
cies [ 185 ,  221 ,  232 ,  234 ,  235 ,  241 ,  243 ,  252 – 258 ] [ 185 ,  244 ,  245 ,  259 ,  260 ]; (2) 
NKILA is a potential breast cancer metastatic suppressor [ 190 ]; and (3) the H19/
miR-675 axis promotes glioma cancer cell invasion [ 261 ] but suppresses PCa metas-
tasis [ 262 ]. Further examples and more details are presented in Table  1.2 .
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1.3.5        Diagnostic and Therapeutic Application 
of LncRNAs in Cancers 

 The continued identifi cation of lncRNAs in various cancer types demonstrates that 
lncRNAs open new avenues for novel diagnostic and prognostic tools or therapeutic 
targets in the treatment of cancer and resistance induced by antineoplastic drugs. 

 Currently, new cancer-linked diagnostics and prognostics based upon lncRNA 
biology are undergoing rapid development. For example, lncRNAs isolated from 
tumor cells or the circulating bloodstream may provide readily available, inexpen-
sive and stable blood-borne diagnostic markers for the improved detection of can-
cers and cancer subtypes [ 219 ]. The CpG hypomethylation of Xist has been 
commonly found in serum from male PCa patients compared with normal XY 
serum, suggesting further clinical applications, such as early diagnosis for cancer 
[ 278 ,  279 ]. Moreover, the expression level of HOTAIR is higher in advanced tumors 
than in low-grade tumors, supporting its potential as a novel biomarker in malignant 
grades [ 280 ]. Reduced NKILA expression is correlated with breast cancer metasta-
sis and poor patient outcome [ 190 ]. Increased PANDAR expression is associated 
with poorer overall survival and shorter recurrence, highlighting its potential 
clinical utility as a promising prognostic biomarker and therapeutic target [ 263 ]. 

  Fig. 1.1    LncRNAs and the cancer hallmarks       
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The overexpression of PVT1 correlates with histological grade and lymph node 
metastasis, indicating its use as an independent predictor for tumor (such as HCC, 
NSCLC) progression, recurrence and patient survival, and potentially as a therapeu-
tic target [ 260 ,  281 ]. PCAT-1 upregulation refl ects the invasion of cancer tissues, 
metastasis of lymph nodes, advanced tumor stage, and poor prognosis in ESCC, 
indicating its role as a potential diagnostic and prognostic target in ESCC patients 
[ 282 ]. LncRNA αHIF (but not HIF-1α) transcript expression is associated with poor 
clinical prognosis in human breast cancer [ 271 ]. 

 Despite the application of cancer-associated lncRNAs for diagnosis and prog-
nosis, lncRNA-based antitumor therapeutics remain in the early stage of develop-
ment. Even so, there has been progress. First, RNAi-mediated gene silencing 
offers a straightforward approach to selectively silencing oncogenic lncRNAs. 
The structural motifs of lncRNAs for the recruitment of chromatin modifi ers or 
the formation of triple helixes with DNA could be potential targets of small mol-
ecules, which might restore the disturbance of lncRNAs in gene expression [ 220 ]. 
In the case of interplay between HOTAIR and the PRC2 and LSD1 complexes, 
either targeting endogenous HOTAIR or using small molecular inhibitors of PRC2 
could prevent their interaction and thus reduce cancer metastasis [ 283 ]. 
Additionally, synthetically engineered lncRNAs possessing tumor-suppressive 
effects may be employed through replacement therapy to retard cancer develop-
ment [ 219 ]. Delivery vehicles, e.g., liposomal membranes and nanoparticles, have 
been designed to deliver these RNA inhibitors. For example, DTA-H19, a plasmid 
comprising the H19 gene regulatory sequences and diphtheria toxin A, might 
serve as a potential targeted therapy for both pancreatic and bladder cancers [ 284 , 
 285 ]. Antisense oligonucleotides are also emerging as a therapeutic tool to 
increase tumor suppressor activity by neutralizing inhibitory lncRNAs in the 
absence of any delivery vehicle [ 219 ]. 

 Although they are charming and promising, much work needs to be done before 
such applications become clinically practical.   

1.4     The Landscape of Circular RNAs 

 In comparison to miRNAs and lncRNAs, circRNAs are less well studied. Recently, 
however, circRNAs have emerged as a potential novel star among ncRNAs [ 33 ] due 
to limited evidence of translation with ribosomes [ 286 ,  287 ]. In contrast to linear 
RNAs featuring 5′ caps and 3′ tails as termini, circRNAs show covalently closed 
loop structures without 5′ to 3′ polarity or polyadenylation at the 3′ ends [ 288 ,  289 ]. 
Thus, a majority of circRNAs have escaped the general transcriptomic polyadenyl-
ated RNA profi ling [ 290 ,  291 ]. With the advent and maturation of bioinformatics 
and RNA deep sequencing technology [ 292 ], many circRNAs have been identifi ed 
in various cell lines and across distinct taxa [ 34 ,  175 ,  287 ,  293 – 295 ]. 
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1.4.1     Formation and Classifi cation 

 With both polyadenylated RNAs and ribosomal RNAs depleted, circRNA signals 
were fi rst detected by a genome-wide approach to be accumulated in excised exons 
or introns [ 176 ]. Further works classify circRNAs into three subclasses: exonic cir-
cRNAs (ecircRNAs) [ 296 ], circular intronic RNAs (ciRNAs) [ 30 ] and exon- intronic 
circRNAs (EIciRNAs) [ 297 ]. 

 Unlike the canonical splicing of linear RNA, circRNAs are formed via back- 
splicing [ 289 ]. The biogenesis pathways among distinct subclasses also differ from 
each other due to a special process termed “alternative circularization” from a single 
gene locus. Mechanically, back-splicing is characterized by covalent binding of the 
upstream (5′) splicing acceptor site to the downstream (3′) splicing donor site, pro-
ducing a covalently closed circRNA and an alternatively spliced linear RNA with 
skipped middle exons, whose internal introns can be further removed by another 
canonical splicing event [ 33 ]. It has been proposed that back-spliced exon circular-
ization is controlled by RNA pol II and the spliceosome, possibly competing with 
pre-mRNA splicing for limited splicing factors in a tissue-specifi c fashion [ 298 , 
 299 ]. Two models have been proposed by Jeck et al. and exemplifi ed in recapitu-
lated assays [ 175 ,  286 ,  288 ,  300 ,  301 ]. Model 1 is referred to as “exon skipping” or 
“lariat intermediate,” while model 2 is termed “direct back-splicing.” Alternative 
circularization can occur with different numbers of exons included [ 175 ,  188 ,  286 , 
 289 ] or with an internal intron included or excluded [ 289 ,  297 ,  300 ]. Accordingly, 
ecircRNAs are formed by the head-to-tail splicing of exons. Thereafter, ciRNAs 
were found to be derived from introns with a 2′,5′-phosphodiester bond, depending 
on a consensus motif with a seven-nt GU-rich element at the 5′ splice site and an 
eleven-nt C-rich element upstream of the branch point site [ 30 ]. Later, researchers 
discovered that EIciRNAs were circularized with introns “retained” between the 
exons [ 297 ], but the mechanism remains to be clarifi ed. 

 Supporting the two models mentioned above, studies have shown that exon 
circularization correlates with exon skipping [ 296 ] and that canonical splicing by 
cis-elements [ 286 ,  289 ,  294 ,  302 ] or trans-factors [ 294 ,  298 ] is involved as well. 
First, it assists through the RNA pairing of reversely complementary sequences 
across the fl anking introns. RNA pairing can be formed either by repetitive elements, 
such as inverted repeated Alu pairs (IRAlus) [ 303 ], or by non-repetitive but comple-
mentary sequences [ 289 ]. Moreover, short sequences as small as 30–40 nt have 
been reported to suffi ciently promote circRNA formation [ 302 ]. It is worth noting, 
however, that a selection of RNA pairing within a single intron can facilitate canoni-
cal splicing rather than back-splicing to form a linear RNA transcript [ 289 ,  304 ]. 
Second, protein factors binding to pre-mRNAs can bridge fl anking introns together, 
thereby drawing the splicing donor and acceptor close to enhance exon circulariza-
tion. Such RBPs include the splicing factors muscleblind (MBL) [ 298 ] and quaking 
(QKI) [ 305 ], whereas adenosine deaminase 1 acting on RNA (ADAR1), a double-
stranded RNA-editing enzyme that mediates adenosine-to-inosine (A-to-I) editing 
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on IRAlus [ 294 ,  306 ], might directly bind to the dsRNA and antagonize circRNA 
production [ 307 ]. In summary, it remains unknown whether alternative circulariza-
tion in circRNAs occurs co-transcriptionally or posttranscriptionally, nor is it under-
stood how cis- or trans-acting factors affect exon circularization. 

 In addition to the sorting of circRNAs by alternative circularization, they can 
also be categorized based on their locations in mammalian cells and peripheral 
blood. The fi rst type is cytoplasmic ecircRNAs [ 34 ,  286 ], which accounts for over 
90 % of total circRNAs [ 288 ]; the second consists of ciRNAs and EIciRNAs, which 
are located primarily in the nucleus [ 30 ,  297 ]. These two groups are simply divided 
depending on whether an intron is excluded or included. Another newly identifi ed 
type is termed “exosomal circRNAs (exo-circRNAs)” [ 308 ]. Li et al. have found 
that this novel class of circRNAs is abundant and highly stable in exosomes of 
various cancer cell lines as well as human serum, suggesting that serum exo- 
circRNAs have potential as promising circulating biomarkers for cancer diagnosis. 
In regard to cancer, ecircRNAs will be introduced as the main player in the 
subsequent sections.  

1.4.2     Properties of CircRNAs 

 Recent studies have revealed that circRNAs possess different characteristics and 
distinguished functions from linear RNAs. Based on back-splicing events, cir-
cRNAs are: 

   (1)    Generated from covalently closed loop structures without a free 5′ or 3′ end 
[ 288 ,  289 ].    

  (2)    Resistant to degradation by RNA exonuclease or RNase R, rendering them 
much more stable than their linear counterparts, offering new diagnostic meth-
ods [ 309 ,  310 ].    

  (3)    Widespread and up to 200 times more abundant than linear isoforms in certain 
cell lines [ 286 ,  301 ], although most of them are not highly expressed.    

  (4)    Expressed in a cell-type-, tissue-, or developmental stage-specifi c manner, as in 
the case of hsa_circRNA_21, which was detected in CD19+ but not CD34+ 
leukocytes, neutrophils or HEK293 cells [ 34 ].    

  (5)    Evolutionarily conserved among different species [ 286 ,  300 ,  311 ], although 
there are also exceptions in the case of intergenic or intronic circRNAs [ 30 ].    

  (6)    Mostly endogenous ncRNAs that are not translatable, except that exogenous 
circRNAs engineered with internal ribosome entry site (IRES) elements can be 
translated into peptides in vitro [ 312 ] or in vivo [ 313 ], although no evidence yet 
supports the performance of spliceosome- generated circRNAs as mRNAs.     

Therefore, circRNAs have a tendency to play important and diverse regulatory roles 
in gene expression at the transcriptional or posttranscriptional level.  
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1.4.3     Functions and Mechanisms of CircRNAs in Cancers 

 Accumulating evidence has shown that circRNAs participate in regulating diverse 
biological developments as well as disease initiation and progression [ 292 ]. In 
addition to atherosclerotic vascular disease risk, neurological disorders, and 
regulation of prion diseases [ 188 ,  293 ,  314 ], circRNAs also perform functions in 
cancer [ 315 ]. Bachmayr-Heyda et al. reported for the fi rst time that circRNAs were 
globally reduced in cancer cell lines and cancer tissues compared to normal mucosa 
for colorectal and ovarian cancers and were negatively correlated with tumor cell 
proliferation [ 316 ]. Recent studies also revealed that circRNAs possessed value in 
cancer diagnosis. Li et al. fi rst found a signifi cantly negative correlation between 
hsa_circ_002059 and GC metastasis [ 317 ], identifying hsa_circ_002059 as a stable 
biomarker for GC diagnosis. Recently, there was a report on the detection of the 
presence and enrichment of exo-circRNAs in various cancer cell lines, including 
colon, lung, stomach, breast, and cervical cancers [ 308 ]. The fi nding of tumor- 
derived exo-circRNAs in human serum indicates their potential as novel diagnostic 
tools [ 308 ]. 

 Mechanically, detailed studies have demonstrated that circRNAs can serve as 
ceRNAs (RNA sponges) to bind miRNAs and modulate miRNA-targeted gene 
expression [ 35 ,  298 ,  318 ,  319 ]. EcircRNAs, which are mostly cytoplasmic, contain 
miRNA response elements (MREs) [ 286 ,  300 ] that are prerequisites for their activity 
as ceRNAs. Hansen et al. revealed that the cerebellar degeneration related protein 1 
(CDR1) gene could translate a natural circular antisense transcript termed CDR1as/
ciRS-7 (CDR1 antisense or circular RNA sponge for miR-7) [ 320 ]. It was experi-
mentally validated that CDR1as has 74 selectively conserved miR-7 seed sites and 
can bind densely to miR-7 with AGOs highly occupied [ 34 ,  35 ]. Without being 
degraded, CDR1as and miR-7 are highly co-expressed and interact specifi cally in the 
developing midbrain [ 34 ]. Thus, CDR1as acts as a potent miR-7 sponge in the neu-
ronal tissue. Corresponding gain/loss-of-function tests further proved its potency in 
up-/downregulating the expression of miR-7 target genes [ 34 ,  35 ]. Another similar 
case is the single-exon circRNA Sry, which derives from the testis-specifi c murine 
Sex-determining region Y (Sry) gene [ 27 ]. It contains 16 binding sites for miR-138 
and serves as a miR-138 sponge [ 35 ]. However, a single circRNA does not perform 
as an individual miRNA sponge. It has been reported that cir-ITCH contains exonic 
sequences of E3 ubiquitin (Ub) protein ligase (ITCH) and harbors miRNA target 
sites for miR-7, miR-17 and miR-214 that bind to the 3′ UTR of ITCH [ 315 ]. 

 Given that circRNAs can sequester miRNAs by the “sponge” effect to increase 
gene expression, it is no wonder that circRNAs appear to be related to cancer and 
other diseases correlated with miRNAs [ 292 ]. For instance, miR-7, miR-17 and 
miR-214 were reported to be highly expressed in a variety of tumor types [ 321 –
 323 ], including ESCC [ 324 ]. Li et al. detected a reduced expression of cir-ITCH in 
ESCC in comparison to paired adjacent tissue [ 315 ]. Through competitive binding, 
cir-ITCH performs its antitumor role by increasing miR-7/miR-17/miR-214- 
targeted ITCH expression, triggering ubiquitin-mediated Dvl2 degradation and 
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further inhibiting canonical Wnt signaling and its target oncogene c-Myc [ 315 ]. As 
miR-7 exhibits both oncogenic and antitumor properties [ 325 ], whether the CDR1as/
miR-7 axis is involved in cancer development awaits experimental confi rmation. 
According to the abovementioned correlation between circRNAs and proliferation 
in CRC, circRNAs may also exert functions in many other tumors [ 316 ]. 

 To determine whether circular miRNA sponges are a general phenomenon 
in vivo, subsequent research provided evidence that thousands of other ecircRNAs 
had little enrichment of target sites for an individual miRNA [ 39 ]. For that matter, 
no more circRNAs displayed their presumed function as miRNA sponges [ 15 ]. 
However, additional regulatory roles for circRNAs had already been reported. As 
previously mentioned, circRNA biogenesis might compete with pre-mRNA in 
alternative splicing, and they could exert a transcriptional regulatory role in mRNA 
production [ 298 ]. Chao et al. found that a circRNA produced from the mouse formin 
(Fmn) gene contains the translation start site and functions as an “mRNA trap,” 
leaving the rest of the linear transcript untranslatable and reducing Fmn protein 
expression [ 326 ]. Many single-exon circRNAs found in human fi broblasts also 
appear to sequester the translation start site to cause gene silencing [ 288 ]. As ciR-
NAs also have fewer putative miRNA binding sites, they may perform distinct func-
tions in the nucleus, specifi cally, regulating their parental gene expression via 
interaction with the Pol II machinery in cis [ 30 ,  297 ,  327 ]. As a nuclear enriched 
ciRNA, ci-ankrd52 is found to associate with the elongating Pol II complex at their 
parent gene loci, resulting in enhanced transcription activity [ 30 ]. Analogously, 
EIciRNAs, such as circEIF3J and circPAIP2, may hold U1 small nuclear ribonu-
cleoproteins (snRNPs) to form EIciRNA-U1 snRNP complexes, which then interact 
with Pol II at the promoters (cis-acting effect) to promote the expression of the host 
genes [ 297 ]. In a mode referred to as RBP sponges, certain ecircRNAs can function 
to store, sort, or localize RBPs, mediating the function of RBPs as miRNA sponges 
do [ 299 ,  328 ]. As a ceRNA, single-stranded CDR1as can directly bind the 3′ UTRs 
of target mRNAs in a trans-acting manner to regulate their expression [ 34 ]. Whether 
all the complex functionality is linked to cancer remains a current topic of debate, 
though poorly understood. Current knowledge of circRNAs is merely the tip of an 
iceberg, with underlying treasures for basic research, biomarker discovery and ther-
apeutic applications.   

1.5     Other NcRNAs Implicated in Cancers 

 In addition to miRNAs, lncRNAs, and circRNAs, there are many other types of 
ncRNAs involved in cancer initiation and progression. Short interfering RNAs are 
small double-stranded, non-protein-coding RNAs of 21–31 nt. Similar to miRNAs 
in biogenesis, siRNAs are generated from dsRNAs by the same ribonuclease and 
Dicer but in association with a different Argonaute protein (Ago2) [ 1 ]. In terms of 
function, siRNAs are well-recognized players in posttranscriptional gene silencing, 
especially the RNAi pathway [ 57 ,  329 ]. The perfect complementarity of the 
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siRNAs’ antisense strand to mRNA targets mediates RNAi through siRNA-guided 
RNA cleavage [ 57 ]. However, although few intrinsic siRNAs have been identifi ed 
in human tumors, synthetic siRNAs have been used extensively as experimental 
tools to manipulate gene expression in basic research as well as in clinical therapeu-
tic approaches to a diverse array of pathologies, including cancer [ 330 ,  331 ]. 

 As the least characterized class of sncRNAs, piRNAs are single stranded, 
24–31 nt in length, and are processed from longer precursor transcripts by Piwi 
proteins [ 1 ,  332 ]. In contrast to miRNAs, piRNAs are less conserved and are 
mostly detected with Piwi in the germ-line cells of higher eukaryotes [ 333 ,  334 ]. 
They have been appreciated as essential genetic and epigenetic regulatory factors 
for germ cell maintenance, genome integrity, mRNA stability, DNA methylation 
and retrotransposon control. In particular, their involvement in gene silencing has 
suggested additional roles of the piRNA pathway in cancer [ 335 – 338 ]. In 2011, Li 
et al. reported the fi rst relationship between piRNAs and oncogenesis: piR-651 
was overexpressed in a variety of cancer cell lines, including gastric, lung, meso-
thelium, breast, liver, and cervical cancer [ 339 ]. Subsequent studies have found 
that a number of piRNAs play a pivotal role in the development of many types of 
cancers: piR-823 is downregulated in gastric cancers as an inhibitor of cancer cell 
growth [ 340 ] but played an oncogenic role in multiple myeloma, possibly by 
DNA methylation via DNMTs [ 341 ]; overexpression of piRABC represses blad-
der cancer cell proliferation, colony formation, and enhanced cell apoptosis [ 342 ]; 
piR-Hep1 is upregulated in hepatic cell carcinoma and has been linked to cancer 
cell viability, motility, and invasiveness [ 343 ]; the PIWI/piRNA pathway was 
detected in breast cancer [ 344 ] and epigenetically involved in testicular cancer 
[ 345 ]; and the PIWIL2/piR-932 interaction positively regulates the process of 
breast cancer stem cells and metastasis through enhancing CpG island methyla-
tion of the latexin promoter [ 346 ]. The identifi cation of piRNAs targeting key 
cancer cell pathways also suggests that they exert transcriptional and posttran-
scriptional gene regulatory actions in cancer [ 347 ]. Overall, the roles of piRNAs 
in human neoplasms need further study, and piRNA-targeted therapeutic strate-
gies for malignancies require additional attention. 

 The housekeeping ncRNAs have a broad range of roles, such as adaptors 
(tRNAs) and ribosomal components (rRNAs) during translation, the spliceosome 
in splicing (snRNAs), and RNA maturation including editing (snoRNAs). Current 
investigations have found their involvement in cancer. For example, tRNA synthe-
sis is positively regulated by oncogenes (ERK, TORC1, Myc) and negatively 
modulated by tumor suppressors (Maf1, p53, Rb) through selective effects on Pol 
III activity, which then infl uences mRNA translation and tumor growth [ 348 ]. 
Another well-established type of ncRNA is snoRNA, which is mostly known to 
engage in the posttranscriptional modifi cation of rRNAs [ 349 ,  350 ] and is directly 
related to mRNA alternative splicing [ 351 ]. Small nucleolar RNAs can originate 
shorter functional sdRNAs (snoRNA-derived RNAs) or miRNAs (sno-miR) 
[ 352 ]. Growing evidence has linked the deregulation of snoRNA expression to 
human disorders, particularly cancer, revealing the role of snoRNAs as oncogenes 
and tumor suppressors as well as putative biomarkers for cancers [ 353 ,  354 ]. 
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Therefore, the range of “classic” ncRNA functions in cancer is signifi cantly wider 
than previously assumed.  

1.6     Concluding Remarks and Future Perspectives 

 In summary, the past several decades have witnessed a steep rise of interest in the 
study of ncRNAs in human cancers. The pervasively transcribed, evolutionarily 
conserved, structurally diverse, functionally signifi cant and mechanically compli-
cated noncoding RNA transcripts add a novel and informative layer to our under-
standing of the complexity of oncogenesis and development. The pathways where 
distinct subtypes of sncRNAs and lncRNAs are probably intertwined also estab-
lish a complex network of interactions and actions required for rapid and fi ne- 
tuned gene expression regulation at multiple (epigenetic, transcriptional and 
posttranscriptional) levels. In contrast to the extensive study of miRNAs, it is still 
in the early days of assigning clear biological functions to the continually found 
lncRNAs and circRNAs, let alone understanding their intricate molecular mecha-
nisms. The current challenging problems can be recapitulated in terms of three 
aspects:

    1.    To explore lncRNA sequences and secondary and tertiary structures, establishing 
structure-function relations that defi ne the mechanisms of lncRNA function. In 
the RNA world, spatial structures are stable and essential for specifi c interactions 
with proteins or other nucleic acids to regulate the activity and function of 
lncRNAs [ 355 ]. For example, stem-loops are necessary for the effi cient 
recruitment of PRC2 to Xist RNA [ 356 ]. Additionally, Mistral may facilitate the 
formation of long-range chromosomal loops to recruit the gene-activating com-
plex MLL (mixed-lineage leukemia) [ 357 ,  358 ].   

   2.    To explore the complex regulatory web of RNA-RNA interplay or/and RNA- 
protein interaction, where different environmental signals are involved. Studies 
to better understand the molecular mechanisms and signaling pathways in which 
ncRNAs participate, whether associated with proteins or not, would offer 
promise for the discovery of new clinical diagnostic biomarkers or the 
development of precisely targeted therapeutics.   

   3.    To seek more effective strategies to modulate ncRNA expression in a specifi c 
manner without perturbing relevant coding genes or to reduce the “off-target” 
effect of siRNA-mediated gene silencing. Such strategies would also allow the 
development of ncRNAs as potential therapeutic targets in clinical practice. As 
previously mentioned, MRX34 is the fi rst ncRNA-based therapeutic mimic of 
the miR-34 tumor suppressor undergoing evaluation in clinical trials for HCC 
[ 157 ]. Nevertheless, whether the efforts made thus far will be rewarded remains 
largely unknown.     

 Although studies concerning ncRNAs are growing fast, few can really address 
the vast complexity and functionality of ncRNAs in cancer development as a whole. 
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Long ncRNAs represent a fairly prominent component of the human transcriptome, 
carrying great biological signifi cance, and are undoubtedly an untapped goldmine 
for further discovery. It should also be noted that circRNAs need comprehensive 
exploration, from biogenesis pathways to regulatory functions and molecular 
mechanisms. To summarize, more in-depth studies should be undertaken to move 
the fi eld forward at both the basic and clinical levels.     
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    Chapter 2   
 The Working Modules of Long Noncoding 
RNAs in Cancer Cells                     

     Ling     Li      and     Xu     Song    

    Abstract     It is clear that RNA is more than just a messenger between gene and 
protein. The mammalian genome is pervasively transcribed, giving rise to tens of 
thousands of noncoding transcripts, especially long noncoding RNAs (lncRNAs). 
Whether all of these large transcripts are functional remains to be elucidated, but it 
is evident that there are many lncRNAs that seem not to be the “noise” of the tran-
scriptome. Recent studies have set out to decode the regulatory role and functional 
diversity of lncRNAs in human physiological and pathological processes, and accu-
mulating evidence suggests that most of the functional lncRNAs achieve their bio-
logical functions by controlling gene expression. In this chapter, we will organize 
these studies to provide a detailed description of the involvement of lncRNAs in the 
major steps of gene expression that include epigenetic regulation, RNA transcrip-
tion, posttranscriptional RNA processing, protein translation, and posttranslational 
protein modifi cation and highlight the molecular mechanisms through which 
lncRNAs function, involving the interactions between lncRNAs and other biologi-
cal macromolecules.  

  Keywords     Long noncoding RNAs   •   Epigenome   •   Transcription   •   RNA spicing   • 
  Protein modifi cation  

2.1       Introduction 

 A large range of biological processes involved in cancer progression, such as cell 
differentiation, proliferation, apoptosis, and metastasis, are widely reported to be 
associated with long noncoding RNAs (lncRNAs), which are thought to work in cis 
on neighboring genes or in trans to regulate distantly located genes or molecular 
targets in the nucleus and cytoplasm. It has been clear that lncRNAs can function 
through quite diverse mechanisms and that their interaction with DNA, RNA, or 
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protein is a well-established action mode [ 1 ]. On the basis of the intermolecular 
interactions, most of the characterized lncRNAs are shown to function in gene 
expression control by acting as decoys, guides, or scaffolds [ 2 ,  3 ]. The “guiding” 
lncRNAs, like Kcnq1ot1 [ 4 ] and lincRNA-p21 [ 5 ], are associated with chromatin 
regulatory protein complexes or transcriptional co-regulators and recruit them to 
specifi c genomic DNA regions to regulate transcription; “decoying” lncRNAs, such 
as GAS5 [ 6 ], Lethe [ 7 ], and PANDA [ 8 ], mimic and compete with their consensus 
DNA-binding motifs for binding nuclear receptors or transcriptional factors in the 
nuclei; “scaffolding” lncRNAs, including HOTAIR [ 9 ], XIST [ 10 ], and NRON [ 11 ], 
bring specifi c regulatory proteins into proximity with each other to function as a 
unique complex. Furthermore, many lncRNAs are exclusively expressed in specifi c 
stages of tissue differentiation and development or present apparent cell-type- 
specifi c expression patterns and distinct subcellular localization [ 12 ,  13 ]. Although 
some of such lncRNAs are merely by-products of transcription that don’t possess 
any regulatory function, they can faithfully refl ect the action of gene expression or 
activation of signaling pathway and therefore act as “signaling” molecules [ 3 ]. 

 Altogether, the current studies suggest that lncRNAs could be involved in almost 
each step of gene expression, such as epigenetic regulation, RNA transcription, 
posttranscriptional RNA processing, protein translation, and posttranslational pro-
tein modifi cation, through in cis or in trans manner, and the dysregulation of 
lncRNAs could cause broad changes in cell signaling pathways.  

2.2     Epigenetic Regulation 

2.2.1     lncRNAs Involved in Histone Modifi cation 

 Epigenetic regulation of gene expression, which is characterized as the altered 
transcription without any change in gene sequence, is generally reported to play 
roles in organism development as well as in tumorigenesis. Recently, the involvement 
of lncRNAs in epigenetic regulation has been widely documented. Kcnq1ot1, a 
nuclear-retained lncRNA with the length of 91.5 kb, is transcribed by RNA 
polymerase II (RNAP II) from the intron 10 of Kcnq1 gene in an antisense orientation 
to Kcnq1 [ 14 ]. Kcnq1ot1 was fi rst found to be associated with the lineage-specifi c 
silencing of dozens of genes within the Kcnq1 locus [ 14 ,  15 ], and the subsequent 
studies further indicated that its silencing effect was achieved by the interactions 
with chromatin and with the H3K9- and H3K27-specifi c histone methyltransferases 
G9a and polycomb repressive complex 2 (PRC2) [ 4 ]. HOTAIR and Air are the other 
two well-characterized lncRNAs involved in chromatin remodeling, which exert 
function through a similar fashion, including accumulation at the chromatin regions 
of silenced genes and the subsequent mediation of repressive histone modifi cation 
through recruiting specifi c histone modifi ers such as G9a, PRC1, and PRC2 [ 9 , 
 16 – 18 ].  
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2.2.2     lncRNAs Involved in DNA Methylation 

 Although interaction with histone modifi ers is a major mechanism through which 
lncRNAs function in epigenetic regulation, some lncRNAs are also implicated in 
establishment and maintenance of DNA methylation patterns. DNA methylation is 
mediated by the members of the DNA methyltransferase (DNMT) family, 
conventionally classifi ed as de novo (DNMT3a and DNMT3b) and maintenance 
(DNMT1) DNMTs. The ecCEBPA represents one of the lncRNAs that modulate 
DNA methylation by interacting with DNMT1, which functions as a decoying 
transcript to sequestrate DNMT1, resulting in prevention of CEBPA gene locus 
methylation [ 19 ]. The best characterized DNMT3a- and DNMT3b-binding lncRNA 
is Dum, which recruits both de novo methylation and maintenance DNMTs to 
silence its neighboring gene in cis [ 20 ]. 

 Interestingly, some lncRNAs, especially the antisense lncRNAs, have been 
identifi ed to simultaneously mediate DNA and histone modifi cations at the loci of 
silenced genes [ 21 ]. TMS1/ASC is a tumor suppressor gene that encodes a pro- 
apoptotic signaling factor operating in the intrinsic and extrinsic cell death pathways 
[ 22 ]. TMS1/ASC was originally identifi ed as a downstream target of DNA 
methyltransferase-1 (DNMT1), and subsequent studies further showed that it was 
subjected to the hypermethylation-mediated epigenetic silencing in a wide range of 
human tumors [ 23 – 27 ]. In addition to DNA methylation, the inactivation of TMS1/
ASC is also controlled by certain other epigenetic events such as the G9a-mediated 
histone H3K9 methylation [ 28 ], which is commonly linked to the methylation of 
nearby CpG sites [ 29 ,  30 ]. Biochemical interactions between DNA and histone 
methyltransferases were thought to provide a molecular explanation, at least in part, 
for the combinatorial pattern of DNA and histone modifi cations in chromatin [ 29 –
 32 ]. In a recent study, an antisense lncRNA of TMS1/ASC, termed TMS1AS, was 
further revealed to regulate outputs of its sense counterpart by interacting with the 
DNMT1/G9a complex and aiding in recruitment of the complex to the sense 
promoter (see Fig.  2.1 ). This interesting fi nding not only highlighted the signifi cant 
involvement of lncRNAs in epigenetic regulation of gene expression but also 
revealed a potential crosstalk between DNA methylation and histone modifi cation 
established by lncRNA. Kcnq1ot1 is another example of such antisense lncRNAs. 
In addition to its role in regulating histone modifi cation, Kcnq1ot1 was also reported 
to be required for the silencing of ubiquitously imprinted genes (UIGs) through 
guiding and maintaining the CpG methylation at methylated regions fl anking the 
UIGs [ 33 ].
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2.2.3        Correlation Between the Sense and Antisense Transcripts 

 The antisense lncRNAs described above represent guiding transcripts that modulate 
their sense counterparts negatively. However, sense-antisense pairs are frequently 
revealed to express in a concordant manner [ 34 ,  35 ]. TARID is one of the antisense 
lncRNAs that positively correlate with their sense counterparts. The underlying 
mechanism implicates its simultaneous association with sense promoter and the 
regulator of DNA demethylation GADD45A, which in turn recruits thymine-DNA 
glycosylase along with members of TET family to induce sense promoter 
demethylation [ 36 ]. Thus, it can be speculated that although many antisense 
lncRNAs regulate their sense counterparts through a general mechanism serving as 
a genomic address label for specifi c epigenetic modifi cation enzymes, they may 
exert completely opposite effect on gene expression on the basis of property of the 
associated enzyme partner. 

 Certainly, certain lncRNAs involved in epigenetic regulation also possess the abil-
ity to control multiple targets in addition to their sense counterparts. It has been spec-
ulated that lncRNAs recruit epigenetic modifi cation complexes by binding to target 
sites through three mechanisms: tethering to its nascent transcription locus, directly 
hybridizing to genomic targets, or interacting with a DNA-binding protein [ 37 ].   

2.3     RNA Transcription 

 Transcription is a tightly regulated process in eukaryotes. In addition to the well- 
known protein factors such as RNAP, general transcriptional factors, and gene- 
specifi c transcriptional factors, it is also suggested that ncRNAs, which include 
small ncRNAs and lncRNAs, exert regulatory functions in the complicated network 
to make gene expression more symphonic. Thus, a current central issue is to obtain 
a full understanding of the potential role of lncRNAs in regulated gene transcription 
programs, possibly through diverse mechanisms. 

  Fig. 2.1    TMS1AS regulates TMS1/ASC at the epigenetic level. Upon being transcribed, TMS1AS 
can act in cis to recruit the chromatin repressor proteins DNMT1 and G9a to TMS1/ASC 
promoter       
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2.3.1     Role of NcRNAs in Controlling Initiation 
and Elongation of Transcription 

 The expression of protein-coding genes in mammalian genomes begins with the 
assembly of the preinitiation complex (PIC) that brings RNAP II to gene promoters. 
Following this step, U1 snRNA can induce transcriptional initiation by specifi cally 
binding to and stimulating TFIIH to phosphorylate the C-terminal domain of RNAP 
II [ 38 ]. However, after transcriptional initiation and promoter clearance, RNAP II is 
frequently paused near the transcription start site on numerous genes, and the 
regulation of RNAP II pause release has been recognized as a critical step in 
activation of gene transcription [ 39 ]. 

 The transition of RNAP II to productive elongation requires active recruitment of 
P-TEFb, a cyclin-dependent kinase responsible for phosphorylation of the 
C-terminal domain of RNAP II and other key transcription elongation factors. The 
7SK RNA is able to repress transcription elongation by, in combination with 
HEXIM1/2, forming an inactive complex that sequesters P-TEFb and then prevents 
its active recruitment [ 40 ,  41 ]. The SR-splicing factor SRSF2 is a newly identifi ed 
component of 7SK complex assembled at gene promoters. Upon its binding to 
promoter-associated nascent RNA, SRSF2 can mediate the switch of P-TEFb from 
the 7SK complex to RNAP II, making the paused transcription elongation reactive 
[ 42 ].  

2.3.2     lncRNAs Regulate Transcription of Specifi c Genes 

 Through recruiting and modulating the activities of co-regulators, lncRNAs may act 
as selective ligands to prevent the transcription of target genes. DNA damage has 
been reported to induce the production of several lncRNAs from the 5’ regulatory 
region of cyclin D1 (CCND1). These induced lncRNAs specifi cally bind and 
allosterically modify TLS, a regulatory sensor of DNA damage, leading to the 
interaction of the modifi ed TLS with CREB-binding protein (CBP) that thereby 
inhibits the transcription of CCND1 [ 43 ]. Martianov et al. have reported another 
example of inhibitory lncRNA that is induced by serum starvation and functions as 
a promoter-specifi c transcriptional repressor. Upon being transcribed from the 
upstream minor promoter of DHFR gene, this lncRNA not only bonds transcriptional 
factor II B (TFIIB) to prevent its association with the major promoter but also 
formed a stable complex with the major promoter that interfered with the promoter- 
directed recruitment of TFIIB [ 44 ]. 

 In addition to the inhibitory effects on transcription, lncRNAs can also act as 
activators or coactivators to upregulate gene expression. For instance, steroid 
receptor RNA activator (SRA) is an lncRNA that acts as a eukaryotic transcriptional 
coactivator for steroid hormone receptors [ 45 ]. Another lncRNA, called Evf-2, 
which is transcribed from one of the two Dlx-5/6 conserved intergenic regions, 

2 The Working Modules of Long Noncoding RNAs in Cancer Cells



54

activates transcriptional activity of homeodomain proteins by directly infl uencing 
Dlx-2 activity [ 46 ]. The functional importance of gene enhancers in regulated gene 
expression has been well established, and the subsequent identifi cation of 
bidirectional lncRNAs transcribed from enhancers, termed as enhancer RNAs 
(eRNAs), adds another functional layer to the transcriptional regulatory elements 
[ 47 – 49 ]. A subtype of eRNAs, which are derived from enhancers adjacent to 
E2-upregulated coding genes, has been observed to contribute to E2-dependent 
gene activation by stabilizing E2-/ERα-/eRNA-induced enhancer-promoter looping, 
suggesting that eRNAs are not merely a refl ection of enhancer activation but a 
functional player [ 50 ]. 

 Based on the ability to repress proto-oncogenes, PSF functions as a tumor 
suppressor protein, whose oncogenesis suppression activity, however, is impaired 
by the enhancement of its RNA-binding ability [ 51 ,  52 ]. The subsequent studies 
identify several PSF-binding lncRNAs from mice and humans, which include 
retroposon-derived lncRNAs such as VL30 as well as frame-disrupted and 
tumorigenesis-related noncoding transcripts such as MALAT1. All the lncRNAs 
promote tumorigenesis in mice and humans through a mechanism of reversible 
regulation on proto-oncogene transcription, including the protein PSF that binds to 
the regulatory region of a proto-oncogene and represses transcription and PSF- 
binding lncRNA that binds to PSF, forming a PSF-lncRNA complex that dissociates 
from a proto-oncogene, activating transcription [ 53 – 57 ] (see Fig.  2.2 ).

2.3.3        lncRNAs Join P53 Network by Regulating Transcription 

 P53 is considered to be one of the most common denominators in human cancer that 
plays a central role in regulatory networks responsible for cancer-related stress [ 58 –
 60 ]. It seems controversial to explain p53 pathway only from the perspective of 
protein-coding genes [ 61 – 63 ]. As expected, a large number of miRNAs and 
conserved miRNA families are found to be direct transcriptional targets of p53 that 

  Fig. 2.2    Regulation of gene transcription by PSF protein and PSF-binding lncRNAs. The fi rst 
diagram on the  left  shows the PSF binding to the promoter ( P ) of a gene via the DNA-binding 
domain ( DBD ), which represses transcription of the coding region ( C ). The second diagram in the 
 center  shows the binding of an lncRNA to the RNA-binding domain ( RBD ) of PSF. The third 
diagram on the  right  shows the release of PSF from the promoter and initiation of transcription       
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mediate the p53 function or serve as the upstream regulators of p53 [ 64 ]. In addition 
to the small ncRNAs, several studies further illustrate the linkage between lncRNAs 
and p53 pathway from the perspective of molecular biology. Among these lncRNAs, 
p53-activated lincRNA-p21 serves as a repressor, through interacting with 
heterogeneous nuclear ribonucleoprotein K (hnRNP-K), in p53-dependent 
transcriptional response. Inhibition of lincRNA-p21 results in a global change in 
expression of hundreds of gene targets, a majority of which are downstream targets 
repressed by p53 and responsible for p53-mediated apoptosis [ 5 ]. PANDA RNA is 
another downstream target of p53. Upon being induced by p53, PANDA RNA acts 
as a decoy through an interaction with the transcriptional factor NF-YA that prevents 
NF-YA from activating expression of pro-apoptosis genes, leading to cell cycle 
arrest [ 8 ].  

2.3.4     Circular Intronic RNA (ciRNA) 

 During the process of pre-mRNA splicing, the 5’ splice site within intron sequence 
undergoes a nucleophilic attack by the downstream branch point to form a circular 
structure called the lariat, and the resultant free 5’ exon then attacks the 3’ splice site 
within intron, leading to the joint of two exons and the release of the intron lariat. In 
general, the intron lariats are debranched and degraded rapidly. However, a 
debranching failure, which seems to be determined by the presence of specifi c 
elements near the 5’ splice site and the branch point site, can result in the formation 
of the circular intronic RNAs, referred to as ciRNAs [ 65 – 67 ]. 

 ciRNAs are prominently found in the nucleus and are often more stable than their 
parent linear mRNAs [ 67 ]. Once generated, ciRNAs seem to function in cis to regu-
late the transcription of their parent genes. For example, a relatively abundant 
ciRNA called ci-ankrd52 was found to interact with elongating RNAP II and 
facilitate transcription. Many ciRNAs remain at their “sites of synthesis” in the 
nucleus. However, a portion of ciRNAs do localize to additional sites in the nucleus, 
suggesting that they may have certain transacting effects other than regulating the 
transcription of their parent genes [ 67 ].   

2.4     Posttranscriptional RNA Processing 

2.4.1     Alternative Splicing 

 For all eukaryotes, one of the most versatile processing steps in the life of an mRNA 
molecule is pre-mRNA splicing, through which the noncoding introns are removed 
and the neighboring exons are ligated together before protein translation. Although 
the spliceosome functions in splicing catalysis, some additional transacting protein 
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factors, such as the serine-/arginine-rich (SR) nuclear proteins (SR proteins), the 
SR-related proteins, the small nuclear ribonucleoproteins (snRNPs), and the 
heterogeneous nuclear ribonucleoproteins (hnRNPs), are well characterized to be 
required for the choice of splice sites, where spliceosome assembles and the 
following splicing occurs [ 68 – 70 ]. More than 90 % of human multi-exon-containing 
genes are speculated to be alternatively spliced in tissue- and cell-specifi c manners 
[ 71 ,  72 ], and in some spectacular examples, thousands of distinct gene products 
(protein isoforms) can be generated from a single gene [ 73 ], pointing to alternative 
pre-mRNA splicing as a common mechanism in regulation and diversifi cation of 
gene function. Interestingly, several recent studies have highlighted the signifi cant 
implication of lncRNAs in the regulation of pre-mRNA splicing. 

2.4.1.1     MALAT1 

 Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), also known as 
nuclear-enriched autosomal transcript 2 (NEAT2), was originally identifi ed as a 
prognostic marker in non-small cell lung cancer [ 74 ], and the subsequent studies 
showed that it was also overexpressed in many other human cancers [ 75 – 79 ]. 

 This nuclear-enriched noncoding transcript predominantly localizes to nuclear 
speckles, the highly dynamic nuclear subdomains that are enriched with pre-mRNA 
splicing factors and are thought to serve as sites for the assembly, modifi cation, and/
or storage of the pre-mRNA processing machinery [ 80 ,  81 ]. Another nuclear- 
enriched autosomal noncoding transcript, referred to as NEAT1, has been shown to 
be signifi cantly implicated in the structural maintenance of paraspeckles, the nuclear 
subdomains that control mRNA nuclear export [ 82 – 85 ]. MALAT1, however, does 
not possess a similar capacity to establish or maintain the functional nuclear 
subdomains since its depletion does not disrupt the architecture of nuclear speckles 
[ 86 ]. Nevertheless, MALAT1 is required for proper localization of several SR 
proteins to nuclear speckles [ 86 ], and its depletion has been reported to compromise 
the recruitment of SR proteins from nuclear speckles to the sites of transcription, 
where splicing occurs [ 87 ]. Furthermore, it has been demonstrated that MALAT1 
can act as a “molecular sponge” by interacting with SR proteins, especially SRSF1, 
and thereby modulate the concentration of “splicing-competent” SR proteins in 
cells [ 86 ]. Altogether, these studies suggest that MALAT1 regulates pre-mRNA 
splicing by infl uencing the localization and/or activity of SR proteins. This “sponge” 
mechanism is also applicable to the untranslated region (UTR) of certain protein- 
coding genes. For instance, the repeat-containing RNA from the CTG expansion in 
3’UTR of DMPK gene accumulates in the nucleus and affects the activity of splicing 
factors; similarly, CGG repeats occurred in FMR1 gene can recruit a set of splicing 
regulators into nuclear inclusions [ 88 ]. 

 It has been suggested that the MALAT1enrichment in nuclear speckles occurs 
only when RNAP II-dependent transcription is active [ 87 ]. Since nuclear speckles 
do not represent the major sites of transcription or splicing, this fi nding seems 
contrary to the recent studies showing that MALAT1 binds many nascent  pre- mRNAs 
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derived from actively transcribed gene loci [ 89 ,  90 ]. Although the subcellular 
location of MALAT1 remains puzzling, these studies highlight the signifi cant 
involvement of lncRNAs in the control of pre-mRNA splicing and the potential 
contribution of lncRNAs to the links between gene transcription and pre- mRNA 
splicing. 

 MALAT1 has a strong infl uence on pre-mRNA splicing patterns in human HeLa 
and fi broblast cells [ 86 ,  91 ,  92 ]. However, signifi cant splicing changes were not 
observed when MALAT1 gene was knocked out in human lung cancer cells or in 
MALAT1 knockout mice [ 93 ,  94 ]. Although some other aspects of gene expression 
such as transcription have been shown to be affected in these cases, these studies 
still implicate that human and mouse genomes may encode certain functionally 
redundant products that possess the ability to regulate pre-mRNA splicing and 
compensate the loss of MALAT1. Certainly, we cannot exclude the possibility that 
MALAT1 only exerts the regulatory function in pre-mRNA splicing under a 
particular cell state or in specifi c cellular contexts.  

2.4.1.2     sno-lncRNAs 

 The sno-lncRNAs (snoRNA-related long noncoding RNAs), a class of newly 
identifi ed nuclear-enriched lncRNAs, are derived from the intron sequences and 
terminate in either box C/D or box H/ACA small nucleolar RNA (snoRNA) 
structures at their 5’ and 3’ ends [ 95 ]. At least 19 endogenous sno-lncRNAs have 
been identifi ed in human, rhesus monkey, and mouse [ 96 ]. Most of them have been 
demonstrated to present apparent tissue- and species-specifi c expression patterns. 
Furthermore, their terminal snoRNA structures, but not the internal sequences, are 
highly conserved across species evolution. 

 The sno-lncRNAs encoded by the q11-q13 region of human chromosome 15 
have been well characterized [ 95 ]. During exonucleolytic trimming, the terminal 
snoRNA structures protect the internal sequences between them from degradation, 
leading to the accumulation of these sno-lncRNAs to high levels (expression similar 
to that of some histone mRNAs). Although sno-lncRNAs and snoRNAs are 
processed by the same machinery and both of them are generally originated from 
the introns of protein-coding genes, sno-lncRNAs mainly accumulate near their 
sites of synthesis but do not co-localize with nucleoli or Cajal bodies, where 
snoRNAs reside [ 95 ,  97 ]. The difference in their cellular distribution strongly 
indicates that these sno-lncRNAs do not have a similar function as snoRNAs, which 
play roles in the modifi cation of other noncoding RNAs including rRNAs and 
snRNAs. Indeed, these sno-lncRNAs strongly associate with RbFox2, a member of 
Fox family splicing regulators that is known to regulate many posttranscriptional 
events including alternative splicing. Moreover, these sno-lncRNAs can signifi cantly 
infl uence the RbFox2-regulated splicing events through acting, at least in part, as 
molecular sinks that prevent RbFox2 from targeting its mRNA targets [ 95 ].   
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2.4.2     lncRNAs Function as miRNA Sponges 

 On the basis of direct base pairing to target sites within untranslated regions of 
mRNAs, the small regulatory ncRNAs such as miRNAs and endo-siRNAs can 
function as important posttranscriptional regulators that trigger mRNA degradation 
or translational inhibition. Since lncRNAs achieve their functions through employing 
quite diverse strategies, they are generally considered to be a class of regulatory 
RNAs fundamentally distinct from the small RNAs. Nevertheless, current studies 
have revealed that lncRNAs can serve as the precursors of certain small ncRNAs, 
such as miR-675 derived from the H19 lncRNA [ 98 ,  99 ]. Furthermore, the link 
between lncRNA and miRNA has been presented by the fi nding that several 
lncRNAs possess the ability to affect the miRNA activity, which is attributed to the 
internal miRNA-matching sequence. For instance, in human hepatocellular 
carcinoma metastases, the lncRNA activated by TGF-β, termed as lncRNA-ATB, 
was reported to act as a sponge for miR-200 family. The sponge effect was mediated 
by the selectively conserved miRNA target sites contained in lncRNA-ATB, which 
strongly bond miR-200 s to suppress their activities, resulting in increased levels of 
ZEB1 and ZEB2, two miR-200 s targets, and the ultimate induction of epithelial- 
mesenchymal transition (EMT) and invasion [ 100 ]. Moreover, identifi cation of 
other sponge lncRNAs, such as tumor-suppressive PTEN competitive endogenous 
RNAs (ceRNAs) and muscle-specifi c linc-MD1 that targets miR-133 and miR-135, 
suggests that the lncRNA-mediated miRNA sponge effects can be a general 
phenomenon in diseases as well as in normal physiology [ 101 – 106 ]. 

 In addition to the canonical linear mRNAs, it is now clear that thousands of 
protein-coding genes can also be processed to generate circular RNAs (circRNAs), 
which are resistant to exonuclease-mediated degradation due to the fact that they do 
not have 5’ and 3’ ends and the two ends have been joined together [ 107 – 113 ]. 
Distinct from ciRNAs that are derived from introns and reside in the nuclei, 
circRNAs are almost exclusively encoded by exons and predominantly localize in 
the cytoplasm. circRNAs are produced by noncanonical splicing events called 
“backsplicing,” in which a splice donor site is jointed to a splice acceptor site further 
upstream in the primary transcript [ 111 ]. The strategy employed by circRNAs to 
exit the nucleus remains to be elucidated. Since the nuclear envelope breaks down 
during mitosis, it seems reasonable to hypothesize that circRNAs exit the nucleus 
during this phase of the cell cycle. However, expression of certain circRNAs such as 
ciRS-7 is also detected in neuronal tissues, where mitotic division occurs at a low 
frequency [ 110 ,  114 ]. 

 CiRS-7 and Sry are the two well-characterized circRNAs [ 110 ,  114 ]. These 
particular circRNAs contain many binding sites for specifi c miRNAs (miR-7 and 
miR-138, respectively). Following their accumulation in the cytoplasm, they can act 
as sponges that titrate the miRNAs from their other RNA targets, thereby modulating 
the miRNA activities. Although current attention has been focused on circRNA’s 
sponge effects, several lines of evidence also suggest their other functional 
possibilities. For instance, expression of ciRS-7 but not miR-7 has been detected in 
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some areas of the mouse adult hippocampus, suggesting that ciRS-7 may have 
certain roles other than interacting with the miRNA [ 110 ]. Furthermore, most other 
circRNAs have been identifi ed to contain few miRNA binding sites, indicating that 
they may achieve their functions through other strategies such as binding to RNA- 
binding proteins to form RNA-protein complexes [ 108 ,  113 ].   

2.5     Protein Translation 

 lincRNA-RoR is one of the few lncRNAs whose detailed function in the regulation 
of p53 pathway has been characterized. Distinct from the p53-regulated lincRNA-p21 
and PANDA, lincRNA-RoR acts as an upstream regulator of p53 in response to 
DNA damage. MDM2 is a well-known upstream negative p53 regulator, which 
causes p53 degradation through the ubiquitin-proteasome pathway. LincRNA-RoR, 
however, has been demonstrated to function via a different mechanism, involving its 
direct interaction with hnRNP-I that suppresses p53 translation and inhibits p53- 
mediated cell cycle arrest and apoptosis [ 115 ]. 

 As described above, lincRNA-p21 was initially revealed to be induced by p53 
during DNA damage and recruit hnRNP-K via physical interaction to facilitate p53- 
mediated repression of gene transcription [ 5 ]. Interestingly, the subsequent study 
showed that it possessed an additional role in translational control, the output of 
which was determined by the presence or absence of RNA-binding protein HuR 
[ 116 ]. In the presence of HuR, the association of HuR with lincRNA-p21 facilitates 
the recruitment of let-7/Ago2 to lincRNA-p21, leading to lower lincRNA-p21 
stability. On the contrary, lincRNA-p21 is stable and accumulates when HuR is 
absent. It then interacts with the mRNAs CTNNB1 and JUNB and translational 
repressor Rck, repressing the translation of the targeted mRNAs. 

 The lncRNA-mRNA gene pairs have been found to be prevalent in mammalian 
genomes, and the cluster of natural antisense transcripts (NATs) is revealed to 
constitute a surprisingly large fraction of lncRNAs [ 34 ,  35 ]. Unlike the nuclear- 
retained NATs such as Tsix, Airn, and HOTAIR that guide the epigenetic modifi cation 
complexes to the target loci, some NATs can form RNA duplexes with the mRNA 
of paired gene, leading to the change in mRNA translation. Zeb2/Sip1 is a 
transcriptional repressor of E-cadherin. After the Snail1-induced EMT, expression 
of the Zeb2/Sip1 NAT leads to an increase in Zeb2/Sip1 protein level without any 
change at the mRNA level. The Zeb2/Sip1 NAT is complementary to the 5’ splice 
site of an intron in the 5’ UTR of Zeb2 mRNA. Expression of the Zeb2/Sip1 NAT 
upon EMT can mask the spice site, preventing deletion of the intron. As a result, the 
translation machinery can then recognize and bind to an internal ribosome entry site 
(IRES) in the retained intron, resulting in more effi cient Zeb2/Sip1 translation 
[ 117 ]. The Uchl1 NAT is another antisense lncRNA that promotes translation of the 
paired mRNA. The Uchl1 contains a region that overlaps with the fi rst 73 nucleotides 
of Uchl1 mRNA. Under stress conditions in which cap-dependent translation is 
inhibited, the Uchl1 NAT moves from the nucleus to the cytoplasm and hybridizes 
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with Uchl1 mRNA to switch on its cap-independent translation; that is, the Uchl1 
NAT acts as an internal ribosomal entry element to promote selective translation 
[ 118 ]. Although the above RNA duplexes work in promoting mRNA translation, the 
RNA-RNA pairing between TMS1AS and TMS1/ASC mRNA has been 
demonstrated to suppress TMS1/ASC translation by interfering with the ribosome 
assembly on TMS1/ASC mRNA. As described above, TMS1AS also regulates 
TMS1/ASC expression at the epigenetic level. Thus, this NAT links different 
effector mechanisms to simultaneously operate in the different aspects of TMS1/
ASC regulation, contributing to establishing a more strict fashion of gene expression 
and enhancing the effi cacy of gene expression control (see Fig.  2.3 ).

2.6        Posttranslational Protein Modifi cation 

 Upon being synthesized by ribosomes, the nascent polypeptide chains undergo 
posttranslational modifi cation (PTM) to form the mature protein product. In 
addition, PTM is also an important strategy employed to control protein activity. 
The initial evidence for a function of lncRNAs in PTM comes from the research on 
the lncRNA-mediated epigenetic gene silencing. As described above, lncRNAs 
have been associated with gene silencing through guiding enzymes involved in 

  Fig. 2.3    Proposed model of TMS1AS-mediated regulation of TMS1/ASC expression. TMS1AS 
is transcribed from the opposite strand of TMS1/ASC gene. Following transcription, a fraction of 
TMS1AS transcripts act in cis by recruiting the chromatin repressor proteins DNMT1 and G9a to 
TMS1/ASC promoter, and other transcripts interact with TMS1/ASC mRNA through direct base 
pairing, forming intermolecular duplexes that suppress TMS1/ASC translation by interfering with 
the ribosome assembly on TMS1/ASC mRNA. This novel mechanism results in a target-specifi c 
regulation of TMS1/ASC at both epigenetic and translational levels by its antisense counterpart       
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chromatin remodeling, such as PRC2 and G9a, to specifi c genomic DNA regions. In 
other words, lncRNAs can function in the recruitment of histone posttranslational 
modifi cation machinery. 

 The function of most lncRNAs depends on their ability to interact with proteins, 
implying that lncRNAs may also directly interact with functional domains of sig-
naling proteins and thus regulate signal transduction. NF-κB is a critical link 
between infl ammation and cancer, and its aberrant activation has been observed in 
many tumors. Despite the classical negative regulators that include IκB, an lncRNA 
termed NKILA has been recently reported to play a signifi cant role in regulating 
NF-κB signaling and repressing cancer-associated infl ammation. NKILA binds to 
NF-κB/ IκB complex and inhibits NF-κB signaling by masking the phosphoryla-
tion sites of IκB and stabilizing the complex. Importantly, NKILA expression is 
signifi cantly decreased in many breast cancers and is associated with cancer metas-
tasis and poor patient prognosis [ 119 ]. This action mode is also applicable to lnc-
DC. This transcript has been reported to regulate STAT3 signal transduction by 
interacting with STAT3 in the cytoplasm of dendritic cells and modulating its phos-
phorylation [ 120 ].  

2.7     Summary and Perspectives 

 The discovery that lncRNAs are central to numerous pivotal biological processes 
may refl ect ancient connections between lncRNAs and the regulation of 
developmental and physiological decisions, whose disruption can lead to 
physiological disorders as well as many types of diseases. Comparison of gene 
expression profi les of tumor and normal cells has revealed a linkage of lncRNAs 
with tumorigenesis. Most of the oncogenic and tumor suppressor lncRNAs are 
characterized to function in gene expression control, and their interaction with 
DNA, RNA, or protein is a well-established action mode [ 1 ]. However, there are 
only limited studies decoding the detailed molecular mechanism of these cancer- 
related lncRNAs. It has long been acknowledged that lncRNAs contain functionally 
redundant sequences. Nevertheless, their core functionality relies heavily on the 
cooperative action of their dispersed functional domains [ 121 ]. Similar to miRNAs, 
lncRNAs can also serve as the potential molecular targets for diagnosis and treatment 
of cancer. Thus, it is important to decode the molecular features of lncRNAs, which 
include the consensus motif and structural element that determine the intermolecular 
interactions, to help understand the involvement and signifi cance of lncRNAs in 
tumor biology.     
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    Chapter 3   
 Methods to Study Long Noncoding RNA 
Biology in Cancer                     

     Man-Li     Luo    

    Abstract     Thousands of long noncoding RNAs (lncRNAs) have been discovered in 
recent years. The functions of lncRNAs range broadly from regulating chromatin 
structure and gene expression in the nucleus to controlling messenger RNA (mRNA) 
processing, mRNA posttranscriptional regulation, cellular signaling, and protein 
activity in the cytoplasm. Experimental and computational techniques have been 
developed to characterize lncRNAs in high-throughput scale, to study the lncRNA 
function in vitro and in vivo, to map lncRNA binding sites on the genome, and to 
capture lncRNA–protein interactions with the identifi cation of lncRNA-binding 
partners, binding sites, and interaction determinants. In this chapter, we will discuss 
these technologies and their applications in decoding the functions of lncRNAs. 
Understanding these techniques including their advantages and disadvantages and 
developing them in the future will be essential to elaborate the roles of lncRNAs in 
cancer and other diseases.  

  Keywords     Long noncoding RNA   •   lncRNA function   •   lncRNA structure   •   
RNA-protein interaction   •   RNA–chromatin interaction  

3.1       Introduction 

 Long noncoding RNAs (lncRNAs) are transcripts greater than 200 nucleotides in 
length but appear to lack protein-coding potential. Thousands of long noncoding 
RNAs (lncRNAs) have been discovered in recent years, but their molecular and 
cellular functions as well as the mechanisms by which they act are largely 
unexplored. With the relatively few lncRNAs that have been well studied, it is 
known that they are involved in various physiological and pathological processes at 
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epigenetic, transcriptional, or posttranscriptional level to regulate the expression of 
related genes. In the nucleus, lncRNAs control the epigenetic state of particular 
genes, participate in transcriptional regulation, involve in alternative splicing, and 
constitute subnuclear compartments. In the cytoplasm, lncRNAs can facilitate 
mRNA decay, stabilize mRNAs, and promote or inhibit the translation of target 
mRNAs through extended base pairing or function as the precursor of microRNAs 
or compete for microRNA-mediated inhibition. With the complexity of the lncRNA 
functions and mechanisms of action, it is fortunate that recent years have witnessed 
an explosion of technologies that make it possible to identify lncRNA and dissect 
the RNA domains, sequences, structures, and characteristics. In this chapter, we will 
review the emerging RNA-centric approaches to screen for functional lncRNAs, to 
identify the mechanism of action, and to dissect the function for specifi c lncRNAs. 
With these technologies, biologists have made substantial progress in discovering 
lncRNA functions. We will discuss the use of these technologies and address current 
limitations as well as future directions.  

3.2     Screening for Functional lncRNAs 

 The explosion in sequencing technologies has led to the identifi cation of diverse 
classes of noncoding RNAs (ncRNAs), including lncRNAs. As there are thousands 
of lncRNAs whose functions we know very little about, high-throughput methods 
are needed to screen for the functional lncRNAs in different conditions. Microarray, 
RNA sequencing (RNA-seq), and other genome-wide methods have been used in a 
large-scale screening of lncRNAs. However, these systematic methods should be 
followed by functional validation and mechanism studies in certain working models. 
Integrating the lncRNA functional screening and mechanistic study will reduce the 
blindness of lncRNA researches. 

3.2.1     Microarray and RNA Sequencing 

 The microarray is a powerful tool to study the transcriptome. However, comparing 
to the well-annotated protein-coding genes, the annotations of lncRNAs remain at a 
preliminary stage. In recent years, there have emerged many new databases for the 
repository of lncRNA transcripts and annotation, such as lncRNAdb [ 1 ], NONCODE 
[ 2 ], and LNCipedia [ 3 ]. They are now being organized through RNAcentral, a 
comprehensive and consistent collection containing over 8.1 million ncRNA 
sequences [ 4 ]. Several important consortia and platforms are also attempting to 
develop a more unifi ed system for lncRNA annotation. The GENCODE consortium 
within the ENCODE project has been annotating a comprehensive set of human 
lncRNAs for several years [ 5 ]. To better understand the human lncRNA expression, 
GENCODE has developed a custom expression microarray targeting more than 
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20,000 lncRNA transcripts and 17,000 randomly selected protein-coding genes. It 
is encouraging that the progress in transcriptome annotations and lncRNA 
microarrays will foster the analysis of lncRNA expressions. 

 Recent advances in RNA sequencing (RNA-seq) have led to the identifi cation of 
many novel lncRNAs. RNA-seq, based on next-generation sequencing (NGS) of 
complementary DNAs (cDNAs), provides both the sequence and frequency of RNA 
that are present at any particular time in a specifi c cell type, tissue, or organ [ 6 ]. 
Unlike microarray, RNA-seq accurately reveals entire transcriptomes with high 
 sensitivity and detects expression levels over a wide range [ 7 – 9 ]. RNA-seq studies 
can also distinguish several classes of lncRNAs, such as antisense transcripts to 
protein-coding genes, transcripts associated with enhancers or repetitive regions, 
bidirectional promoter transcripts, and transcripts originating in intergenic regions 
[ 10 ]. RNA-seq is suitable for the transcript quantifi cation. Expression levels of 
lncRNA can be easily compared across different conditions, developmental stages, 
and tissues, which will provide dynamic, comprehensive, and sensitive data of 
lncRNA expression. Another advantage of RNA-seq is that only very few cells can 
be studied by single-cell RNA-seq, which enables transcriptome analysis of tiny 
amounts of materials. 

 Sequencing of transcriptomes by RNA-seq is one of the most powerful 
methodologies for de novo discovery and expression analyses of lncRNAs. 
Improving RNA-seq methods is an active area of research both in terms of 
experimental and computational methods [ 11 ]. Biases and artifacts in RNA-seq data 
are often introduced during reverse transcription of RNA into cDNA. Direct RNA 
sequencing technologies, which use RNA as a template for sequencing, offer the 
potential to mitigate some current problems and are under development. Progress in 
algorithms for analyzing sequence data will increase the power of RNA-seq to 
unravel transcriptomes as well.  

3.2.2     Screening of lncRNAs Based on RNA–Protein 
Interaction 

 lncRNAs play widespread roles in gene regulation by diverse mechanisms. lncRNAs 
interact with protein partners such as chromatin modifi cation proteins and 
transcription factors. These lncRNA–protein interactions increase the fl exibility and 
complexity of gene regulation. Here we will review representative methods for 
lncRNA identifi cation from lncRNA–protein interactions. 

3.2.2.1     RIP-Chip and RIP-Seq 

 RNA immunoprecipitation (RIP) is a method used to study RNA interactions with 
some specifi c proteins (see Sect.   6.2.1    ). In the RIP method, cells are lysed and the 
immunoprecipitation is performed with an antibody that targets the protein of 
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interest. By isolating the protein, the RNA interacting with the protein will also be 
precipitated. The purifi ed RNA–protein complexes can be separated by performing 
an RNA extraction. Then RIP can be coupled to microarray (RIP-chip) or sequencing 
(RIP-seq) to identify RNAs bound by a protein of interest [ 10 ]. The disadvantage is 
that there will be nonspecifi c RNA interaction and high signal-to-noise ratio in the 
data [ 12 ]. Zhao et al. have utilized RIP-seq technology to capture a genome-wide 
pool of long transcripts (>200 nt) associated with PRC2 and identifi ed classes of 
medically signifi cant targets, including dozens of imprinted loci, hundreds of onco-
gene and tumor suppressor loci, and multiple stem-cell-related domains [ 13 ]. Because 
chromatin modifi ers such as PRC2 play a central role in maintaining stem cell pluri-
potency and in cancer, a genome-wide profi le of regulatory RNAs will be a valuable 
resource to elucidate potential mechanisms by which RNA regulates Polycomb.  

3.2.2.2     CLIP-Seq 

 Cross-linking immunoprecipitation and high-throughput sequencing (CLIP-seq) 
combine UV cross-linking, immunoprecipitation, and high-throughput sequencing 
to identify binding sites of RNA-binding proteins. Both RIP and CLIP rely on the 
specifi c interaction of RNA and protein for immunoprecipitation. CLIP depends on 
cross-linking induced mutation sites (CIMS) to localize protein–RNA binding sites 
[ 14 ]. Compared with DNA–protein cross-linking by formaldehyde, CLIP uses UV 
cross-linking which only links proteins to RNAs and avoids protein–protein cross- 
links. The RNA–protein complexes are then immunoprecipitated. As the UV cross- 
linking is irreversible, the next step is digestion with proteinase K. This digestion 
leaves a peptide at the cross-link site that modifi es the chemical structure of the 
nucleotide. The isolated RNA is reverse transcribed to cDNA and then analyzed 
with sequencing (CLIP-seq) [ 14 ]. As reverse transcription of the fragments through 
the cross-link site introduces mutations that are specifi c to each separate CLIP, this 
confers an advantage to determine the protein–RNA binding sites.    

3.3     Identifying lncRNAs 

3.3.1     Cloning the Full-Length Sequence of lncRNA 

 Rapid amplifi cation of cDNA ends (RACE) is a technique used in molecular biology 
to obtain the full-length sequence of an RNA transcript found within a cell. RACE 
results in the production of a cDNA copy of the RNA sequence of interest, produced 
through reverse transcription, followed by polymerase chain reaction (PCR) 
amplifi cation of the cDNA copies. The amplifi ed cDNA copies are then sequenced 
and, if long enough, should map to a unique genomic region. RACE can provide the 
sequence of an RNA transcript from a small known sequence within the transcript 
to the 5′ end (5′ RACE-PCR) or 3′ end (3′ RACE-PCR) of the RNA. 
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 RACE involves 3′ RACE and 5′ RACE. 3′ end amplifi cation of messenger RNA 
(mRNA) by the PCR synthesizes the fi rst strands of cDNAs. 5′ end amplifi cation of 
RNA by the nest PCR synthesizes the fi rst strand of cDNA using a gene-specifi c 
primer 1. Then RNA is reverse transcribed as above, but the gene-specifi c primer 1 
is substituted for (dT) adaptor. The tailed cDNA is then amplifi ed by PCR using a 
mixture of a nested gene-specifi c primer 2 and a combination of a complementary 
homopolymer-containing anchor primer and corresponding adapter primer, which 
allow for the amplifi cation of unknown sequences between the gene-specifi c primer 
2 and the 5′ end of the mRNA. 

 Taking advantage of the latest sequencing technology, Olivarius et al. have 
developed a high-throughput deep-RACE method which combines RACE with 
next-generation sequencing for investigating the transcriptional starting sites of 
genes of interest. It allows for the parallel analysis of multiple genes and is free of 
time-consuming cloning steps. In comparison to the sequencing of RACE-PCR 
products, this approach is more precise and more cost-effective even for batches 
[ 15 ]. Pastori et al. have used this method to systematically interrogate the FMR1 
gene locus for the occurrence of novel lncRNAs. They found this technique was 
highly sensitive and enabled the detection of very low-abundance transcripts [ 16 ].  

3.3.2     Predicting the Coding Potential of lncRNA 

 As the lncRNAs lack protein-coding potential, assessing the protein-coding status 
for a transcript is critical for the identifi cation of lncRNAs. The principles for 
distinguishing coding potential of transcripts include (1) a lack of evolutionary 
conservation of the identifi ed open reading frames (ORFs), (2) a lack of homology 
in known protein domains, and (3) a lack of the ability to template signifi cant pro-
tein production, etc. [ 10 ]. 

 Accordingly, there are various computational tools to calculate the protein- 
coding potential. The ORF Finder (  http://www.ncbi.nlm.nih.gov/gorf/gorf.html    ) is 
a graphical analysis tool which fi nds all open reading frames of a selectable 
minimum size in a sequence [ 17 ]. This tool identifi es all open reading frames using 
the standard or alternative genetic codes. Other tools include Coding Substitution 
Frequency (CSF) [ 18 ], Coding Potential Calculator (CPC) [ 19 ], Coding-Potential 
Assessment Tool (CPAT) [ 20 ], Coding–Non-coding Index (CNCI) [ 21 ], etc. CSF 
develops algorithms to score conserved ORFs across several organisms and provides 
a general strategy for determining the coding potential. However, such a 
conservation-based method may fail to detect new proteins which do not contain a 
conserved ORF [ 18 ]. CPC (  http://cpc.cbi.pku.edu.cn/    ) searches for the putative 
ORFs and homologies based on the identifi ed ORFs, as well as the output of parsing 
protein database [ 19 ]. Not like the alignment-based approaches, CPAT (  http://lilab.
research.bcm.edu/cpat/    ) uses a logistic regression model and employs the 
information of ORF embedded in transcripts to develop the classifi er [ 20 ]. CNCI 
(  http://www.bioinfo.org/software/cnci/    ) classifi es protein-coding and lncRNA 
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transcripts by exploiting the intrinsic components contained in sequences instead of 
predicting the ORF [ 21 ].  

3.3.3     Ribosome Enrichment Assay 

 Ribosome profi ling, or Ribo-Seq, is a technique that uses specialized mRNA 
sequencing to determine which mRNAs are being actively translated [ 22 ]. It is 
based on the deep sequencing of ribosome-protected mRNA fragments and enables 
genome-wide investigation of translation with subcodon resolution. This method 
involves digestion of RNA followed by separation of 80S ribosomes based on their 
size and density through a sucrose cushion. The associated RNAs are then sequenced 
to assess the occupancy of ribosomes on RNAs. Ribosome profi ling can be used to 
identify mRNAs associated with 80S ribosomes, distinguish ribosome-free three 
prime untranslated regions (3′ UTRs) on these messages, and assess the quantitative 
dynamics of translation within the translated regions [ 23 ]. Ribosome profi ling 
involves similar sequencing library preparation and data analysis to RNA-seq, but 
unlike RNA-seq, which sequences all of the mRNA of a given sequence present in 
a sample, it targets only mRNA sequences protected by the ribosome during the 
process of decoding by translation [ 22 ]. 

 Since its invention, the ribosome profi ling technique has been utilized for global 
analysis of translation in both prokaryotic and eukaryotic organisms. Studies using 
this approach have already provided new insights into the identity and the amount 
of proteins that are produced by cells, as well as detailed views into the mechanism 
of protein synthesis itself. Notably, the detection of 80S ribosomes on RNA does not 
alone provide evidence that the RNA encodes a functional protein. It is important to 
use the 80S footprint data provided by ribosome profi lings to distinguish true 
messengers that encode functional proteins from those that are noncoding. Ribosome 
profi ling has proven to be a highly useful tool for exploring the peptide-coding 
potential of the lncRNAs, which have higher ribosome occupancy than 3′ UTRs and 
possibly can be translated into functional proteins [ 24 ]. Guttman et al. have 
performed a more complete analysis of the ribosome profi ling data and studied the 
pattern of ribosome occupancy on transcripts to evaluate whether long intergenic 
noncoding RNAs (lincRNAs) show evidence of encoding functional proteins [ 25 ]. 
In particular, they analyzed the existing ribosome profi ling data across other non-
coding regions, including 5′ UTRs and classical noncoding RNAs. They found that 
the known noncoding controls also showed ribosome profi les that differed from 
those of the 3′ UTRs of protein-coding genes. Moreover, 5′ UTRs resembled coding 
regions of protein-coding genes more closely than lincRNAs did. Their fi ndings 
clearly demonstrate that lincRNAs are likely to function directly as RNA molecules 
rather than through encoded protein products [ 25 ]. Taken together, ribosome 
profi ling bridges the gap between global measurements of steady-state mRNA and 
protein levels and is a powerful method to study coding potential of the lncRNAs.  
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3.3.4     Subcellular Location of lncRNAs 

3.3.4.1     Fractionation qPCR 

 lncRNAs play a variety of roles in different subcellular domains. In the nucleus, 
lncRNAs control the epigenetic state of particular genes, participate in transcriptional 
regulation, involve in alternative splicing, and constitute subnuclear compartments. 
In the cytoplasm, lncRNAs regulate gene expression by affecting the stability of 
mRNAs and altering the translation effi cacy of target mRNAs. They function as 
precursor of microRNAs (miRNAs) or compete for miRNA-mediated inhibition, 
leading to increased expression of the mRNA [ 26 ]. Therefore, lncRNAs must 
localize themselves to their particular site of action within the important cell. To 
identify specifi c subcellular distribution of lncRNAs will be helpful to study the 
functions and mechanisms of action of lncRNAs. 

 Successful isolation of pure nuclei and cytoplasmic fractions is critical in this 
assay. Commercial kits have been developed for the isolation of both RNA and 
native protein from the same experimental sample. Tissue or cultured cells are fi rst 
homogenized in ice-cold cell disruption buffer to prepare a total cell lysate. Since 
the homogenization is performed quickly on ice and in the presence of detergent, 
both protein and RNA can be purifi ed directly from this lysate. For RNA isolation, 
a part of the total cell lysate is immediately mixed with an equal volume of lysis/
binding solution. RNA is then purifi ed from the mixture using an RNA-binding 
glass fi ber fi lter. The RNA isolated from total, nuclear, or cytoplasmic fractions can 
be subjected to cDNA synthesis and reverse transcription polymerase chain reaction 
(RT-PCR). The effectiveness of cell fractionation can be easily checked by Western 
blotting with antibodies for proteins found predominantly in the nucleus or 
cytoplasm of cells. Once the fractionation is confi rmed, quantitative RT-PCR can be 
performed with specifi c primers for lncRNA, and the distribution and abundance of 
lncRNA in the nucleus and cytoplasm will be determined.  

3.3.4.2     FISH 

 Fluorescence in situ hybridization (FISH) is a method to localize nucleic acid targets 
in fi xed cells for subcellular cytogenetic or gene expression studies. It relies on 
fl uorophore-labeled DNA or RNA probes to count and localize specifi c genes or 
regions along chromosomes, to detect mutations, or to analyze temporal and spatial 
gene expression. FISH is often used to detect and localize specifi c RNA targets 
(mRNA, lncRNA, and miRNA) in cells. Compared with other methods of DNA or 
RNA detection, FISH can provide the exact subcellular localization and expression 
of the target DNA or RNA with a visible method by using the specifi c probe. Indeed, 
direct observation of lncRNA localization by RNA FISH has led to many of the 
early hypotheses about lncRNA function that now serve as paradigms in the fi eld, 
such as X-inactive specifi c transcript (XIST), metastasis-associated lung 
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adenocarcinoma transcript 1 (MALAT1), nuclear-enriched abundant transcript 1 
(NEAT1), myocardial infarction-associated transcript (MIAT), etc. [ 27 ]. 

 RNA FISH begins with the specifi c probe construction and involves in bathing 
the sample in a high concentration of probes that are complementary in some way 
to the target RNA species. After the hybridization, excess unbound probe is washed 
away, theoretically leaving only those specifi cally bound to the target molecule. 
Differences among the variants of RNA FISH typically revolve around the type of 
nucleic acid used for the probe and the type of labeling scheme used to detect the 
probe via microscopy. 

 Highly abundant RNAs in the cell are easily detected by regular RNA FISH, 
whereas the vast majority of lncRNAs are considerably less abundant. More 
recently, researchers have developed and applied single-molecule RNA FISH 
techniques based on hybridization of multiple short, fl uorescently labeled, 
oligonucleotide probes to estimate the absolute level and subcellular localization of 
even low-abundance lncRNAs [ 27 ,  28 ]. The single-molecule RNA FISH falls into 
two categories: one that uses some form of signal amplifi cation and the other that 
relies on direct detection of signal. Direct detection involves labeling the probes 
themselves with fl uorophores. In order to achieve single-molecule sensitivity, the 
probes must have enough fl uorescence to be detectable above background 
autofl uorescence. One technique is to use a set of short single-stranded DNA 
oligonucleotides complementary to various regions of the target RNA, each labeled 
with one or more fl uorescent moieties [ 28 ]. The binding of multiple probes localizes 
enough fl uorophores to the target RNA so that the RNA is easily visible as a 
fl uorescent spot via fl uorescence microscopy. The benefi t of using several 
oligonucleotide probes at the same time is that the off-target binding of a single 
oligonucleotide in the probe pool will either be undetectable or readily distinguishable 
to the much brighter spots corresponding to the true RNA, thus reducing the chances 
of false positives. False negatives are similarly unlikely, for even if a single probe 
out of the pool fails to bind, the rest are likely to bind [ 29 ]. Collectively, RNA FISH 
is an indispensable tool for the detection and localization of lncRNA, and the single- 
molecule RNA FISH enables quantifi cation and spatial resolution of single lncRNA 
molecules within cells.    

3.4     Detecting lncRNA Expression 

 As lncRNAs are a novel class of RNA transcripts, it is important to characterize the 
expression of lncRNAs in various systems. There are several methods to analyze 
their expression, including quantitative reverse transcription polymerase chain 
reaction (qRT-PCR), in situ hybridization (ISH), FISH, and Northern blotting. qRT- 
PCR and Northern blotting are able to detect small changes in gene expression both 
in cells and tissues, while Northern blotting often faces the problem with sample 
degradation by ribonucleases (RNases). Comparing to qRT-PCR, ISH, and FISH, 

M.-L. Luo



77

Northern blotting has a low sensitivity. Moreover, ISH and FISH can both localize 
the gene sites and measure the gene expression level at the same time. 

3.4.1     Northern Blot 

 Northern blot is a technique used to study gene expression by RNA detection (or 
isolated mRNA) in a sample. Northern blotting involves the use of electrophoresis 
to separate RNA samples by size and detection with a hybridization probe 
complementary to part of or the entire target sequence. Northern blot can be used to 
determine lncRNA abundance and to identify different splicing variants of a given 
lncRNA. Compared to RT-PCR, Northern blotting has a high specifi city, which is 
important to reduce false-positive results. The advantages of using Northern blotting 
include the detection of RNA size, the observation of alternate splice products, the 
use of probes with partial homology, the measurement of the quality and quantity of 
RNA on the gel prior to blotting, and the feasibility of storing and re-probing the 
membranes for years after blotting [ 30 ]. 

 Firstly, RNA is isolated and followed by gel electrophoresis for separation. Next, 
the negatively charged RNA is transferred onto a nylon membrane driven by 
capillary forces. The membrane is exposed to intense UV light to induce RNA 
cross-linking. Subsequently, the RNA fi xed in the membrane is hybridized with the 
labeled probe, forming a double-stranded RNA–DNA or RNA–RNA structure. 
Hybridization is usually carried out overnight and detected by autoradiography or 
with the use of a phosphor-imager apparatus. So far, Northern blot analysis is still a 
standard technique used in the detection and quantifi cation of mRNA levels because 
it allows for a direct comparison of the mRNA abundance between samples on a 
single membrane.  

3.4.2     qRT-PCR 

 qRT-PCR is a technique based on the polymerase chain reaction (PCR), which is 
used to amplify and simultaneously detect or quantify a targeted DNA or RNA 
expression. Quantitative PCR is carried out in a thermal cycler by detecting the 
fl uorescence emitted by the excited fl uorophore, while qRT-PCR begins with the 
specifi c primer designation and synthesis, after which the RNA is isolated and 
reverse transcribed from the samples or cells. A marked fl uorophore is then added 
to this mixture in a thermal cycler, where the fl uorescence intensity is detected and 
analyzed to measure the gene expression [ 31 ,  32 ].  
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3.4.3     ISH and FISH 

 Comparing to FISH, in situ hybridization (ISH) is mainly used in formalin-fi xed 
paraffi n-embedded (FFPE) or frozen tissue section samples to detect and analyze 
the specifi c gene expression without fl uorescence coupled to the probe. The 
application of ISH is to localize and measure the targeted RNA expression, 
dependent on the specifi c probe designation and construction (see Sect.   2.4.2    ).   

3.5     Manipulating lncRNA Expression 

 Although techniques to systematically investigate lncRNAs are limited, methods to 
comprehensively study cellular roles of protein-coding genes stay available. The 
typical way to discern cellular function is by manipulating lncRNA expression, 
including selective knockdown, knockout or overexpression of a specifi c lncRNA, 
and examination of the resulting phenotype. 

3.5.1     Loss of Function 

3.5.1.1     siRNA and shRNA 

 Small interfering RNA (siRNA) and short hairpin RNA (shRNA) are powerful gene 
knockdown approaches which imitate the endogenous natural process of RNA 
interference (RNAi) mechanisms to silence the targeted gene expression with high 
specifi city and selectivity. Both the designation and synthesis of siRNA and shRNA 
are based on the bioinformatics analysis and optimization. Additionally, optimized 
shRNA constructs endow high potency and sustainable effects resulting in less off- 
target effects. 

 siRNA begins with the designation based on the target gene sequence alignment 
and selection. Then paired double-stranded antisense RNA is synthesized to be 
delivered to the cells via transfection. shRNA method relies on the high effi cient 
interfering vector construction by molecular clone technology, which contains the 
interfering fragment and forms a short hairpin stem-loop structure to block the gene 
expression [ 33 – 35 ]. Although siRNA and shRNA utilize a similar cellular 
mechanism that involves the RNA-induced silencing complex (RISC), which 
method to use depends on several factors such as cell type, time demands, and the 
need for transient versus stable integration. The siRNA-mediated knockdown is not 
permanent, and the introduction of shRNA allows for stable integration and long- 
term knockdown of the targeted gene. 

 RNAi is an invaluable tool to knock down a target gene of interest, including the 
lncRNAs. However, compared with protein-coding mRNAs or miRNAs, lncRNAs 
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are more diffi cult to target by RNAi. Moreover, RNAi has its limitations: (1) siRNAs 
not only silence their specifi c target gene but also infl uence the expression of other 
genes (off-target effects). (2) The effi ciency of siRNA is not predictable, and fi nding 
a highly effi cient specifi c siRNA can be time-consuming and cost intensive. (3) 
Some transcripts can be hard to target due to their strong secondary structure and 
incorporation into large protein complexes or their intracellular localization. Thus, 
a knockdown by RNAi to activating long noncoding RNA (alncRNA) sometimes 
might not be suffi cient to evoke a phenotype and uncover its physiological function.  

3.5.1.2     Antisense Oligonucleotides (ASOs) 

 Antisense oligonucleotides (ASOs) are 15–20-mer single-stranded 
deoxyribonucleotides that are artifi cially synthesized to hybridize with the 
complementary mRNA in a sequence-specifi c manner. The formation of the ASO–
mRNA heteroduplex either triggers RNase H activity, leading to mRNA degradation, 
inducing translational arrest by steric hindrance of ribosomal activity, and interfering 
with mRNA maturation by inhibiting splicing, or destabilizes pre-mRNA in the 
nucleus, resulting in downregulation of target mRNA expression. 

 The fi rst generation of ASO is 2′-DNA oligomers uniformly modifi ed with the 
phosphorothioate backbone substitution and worked predominantly through an 
RNase H-dependent mechanism. In order to improve upon the fi rst-generation ASO 
drugs, many different modifi cations to the core nucleoside monomer unit of the 
ASO have been evaluated for their effects on affi nity for complementary RNA, 
nuclease resistance, and ASO potency. The most advanced second-generation anti-
sense designs are 2′-O-methoxyethylribose (MOE) gapmer oligonucleotides. MOE-
modifi ed ASOs show increased affi nity toward a complementary RNA and are 
highly resistant toward degradation by nucleases [ 36 ]. 

 Although MOE provides a substantial improvement in affi nity, bicyclic nucleo-
side modifi cations such as 2′,4′-methylene bridged nucleic acids also called as 
“locked nucleic acid” (LNA) have been shown to provide a further increase in affi n-
ity [ 37 ]. LNA oligonucleotides are synthesized in different formats, such as all-
LNA, LNA/DNA mixmers, or LNA/DNA gapmers. Essentially, all aspects of 
antisense technology have profi ted from LNA due to its unprecedented affi nity, 
good or even improved mismatch discrimination, low toxicity, and increased 
metabolic stability. LNA nucleotides are used to increase the sensitivity and 
specifi city of expression in FISH probes, quantitative PCR probes, and other 
techniques based on oligonucleotides. The combination of antisense DNA and LNA 
can enhance the inhibition effi ciency of gene expression [ 37 ]. LNA is particularly 
attractive for in vivo applications that are inaccessible to RNAi technology [ 38 ]. 

 Achieving consistent knockdown has proven to be more challenging for lncRNAs 
than for mRNAs or miRNAs, because lncRNAs are often localized to the nucleus. 
It has been reported that nuclear lncRNAs are more effectively suppressed using 
ASOs and cytoplasmic lncRNAs are more effectively suppressed using RNAi. 
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Using both methods, dual-localized lncRNAs are suppressed. A mixed-modality 
approach combining ASOs and RNAi reagents improves knockdown effi cacy [ 39 ].  

3.5.1.3     CRISPR/Cas-Based Methods 

 RNAi-mediated knockdown is the most common strategy for ablating gene function. 
However, knockdown by RNAi is incomplete and unpredictable with off-target 
effects and provides only temporary inhibition of gene function. Recently, complete 
loss-of-function approaches have become available with the discovery of zinc- 
fi nger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), 
and, later, the more powerful clustered regularly interspaced short palindromic 
repeats (CRISPR/Cas) system. Currently, the type II CRISPR/Cas9 system from 
 Streptococcus pyogenes  is the most widely used CRISPR system and has been 
successfully applied to edit human genomes [ 40 ]. 

 CRISPR/Cas9 is a RNA-guided gene-editing technique that makes use of a 
bacterially derived protein (Cas9) and a synthetic guide RNA to introduce a double- 
strand break at a specifi c location within the genome, resulting in adding or deleting 
base pairs at specifi cally targeted DNA loci. Editing is achieved by transfecting a 
cell with the Cas9 protein along with a specially designed guide RNA (gRNA) that 
directs the cut through hybridization with its matching genomic sequence. When 
Cas9 cuts the target sequence, the cell repairs the damage by replacing the original 
sequence with an altered version [ 41 ,  42 ]. CRISPR simplifi es the process of deleting, 
adding, or modifying genes and has successfully been tested in cells of 20 species, 
including humans [ 43 ]. 

 The CRISPR/Cas9 system has been applied as an effi cient tool for engineering 
site-specifi c mutations of protein-coding genes in the genome. The knockout of 
ncRNA, especially lncRNA, is relatively more diffi cult than that of coding genes 
with this system. One of the challenges is that a small deletion or insertion generated 
by the standard CRISPR/Cas system may not necessarily lead to functional loss of 
a given noncoding gene because of lacking an open reading frame, especially in 
polyploidy human cells. To overcome this challenge, Ho et al. have adopted a 
selection system that allows for marker genes to integrate into the genome through 
homologous recombination (HR). Moreover, they constructed a dual-guide RNA 
vector that could make two cuts simultaneously at designated sites such that a large 
fragment could be deleted. With these approaches, they were able to successfully 
generate knockouts for miRNAs and lncRNAs in various human cell lines [ 44 ]. For 
the in vivo model, Han et al. have explored the potential of using the CRISPR/Cas9 
system to generate large genomic deletions of lncRNAs in mice. They developed an 
effi cient one-step strategy to target the maternally expressed lncRNA, Rian, on 
chromosome 12 in mice and showed that paired single-guide RNAs (sgRNAs) 
could precisely generate large deletions up to 23 kb. The deletions are heritable, and 
the effi ciency can be further improved up to 33 % by combining multiple sgRNAs 
[ 45 ]. Taken together, with the improvement of the CRISPR/Cas9 system, it will 
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largely contribute to generating better in vivo and in vitro models for lncRNA 
research.   

3.5.2     Gain of Function 

 Upregulating a target lncRNA expression in cells is a key method to investigate the 
lncRNA function. The overexpression of a specifi c lncRNA always begins with 
performing the rapid amplifi cation of cDNA ends (RACE) to acquire the whole 
sequences, which are then constructed to a vector to express the lncRNA, the 
function of which is to be analyzed. 

 Previously, regular ectopic expression vectors were always used for the above 
purpose until two recent studies showed single endogenous gene activation using 
dCas9-based activators [ 46 ,  47 ]. Coexpression of this transactivator and combinations 
of gRNAs in human cells induce specifi c expression of endogenous target genes, 
demonstrating a simple and versatile approach for RNA-guided lncRNA 
overexpression. However, the change in gene expression achieved by this approach 
is small for many applications, which is less than or around fi vefold activation. Most 
recently Konermann et al. have overcome this low effi ciency of gene activation by 
turning the CRISPR sgRNA into a modular platform for assembling multiple 
different transcriptional activators. Applications of this dCas9-based transcription 
modulator can induce more than 100-fold activation and enable the dissection of 
many types of genetic elements, including lncRNAs. Moreover, this system allows 
for multiplexed activation of ten genes simultaneously [ 48 ]. Thus it may be possible 
to deliver defi ned combinations of lncRNAs and various effector proteins to the 
same genomic location using one sgRNA molecule. However, CRISPR targeting 
may have off-target effects, and additional validation experiments are needed to 
confi rm any effects of altered lncRNA expression using this approach.   

3.6     Mapping lncRNA Binding Sites on the Genome 

 lncRNAs that regulate gene expression are often found to be localized to chromatin, 
which suggests their direct involvement with the accompanying protein machineries. 
They are thought to be important in dosage compensation. To investigate the exact 
roles of the RNAs at chromatin, determining their binding sites on the genome is 
necessary. Currently the occupancy sites of most lncRNAs are not known. There are 
three methods to address this matter, which include chromatin isolation by RNA 
purifi cation (ChIRP), capture hybridization analysis of RNA targets (CHART), and 
RNA antisense purifi cation (RAP). ChIRP uses antisense DNA oligonucleotides to 
capture and purify specifi c lncRNA–chromatin complexes from the cell, while 
CHART and RAP differ in methods of cross-linking, chromatin shearing, and the 
density and length of the oligonucleotide probes. The three methods share some 
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similarities in the procedure, but have one major difference in the oligonucleotide 
probe design. ChIRP and RAP do not require a priori knowledge of the lncRNA 
domains involved in chromatin interaction and tile oligonucleotides across the 
entire target RNA so that all potential hybridization spots are fully used. In contrast, 
CHART takes a different approach and uses the RNase H assay to narrow down the 
search space for effective probe design. 

3.6.1     Chromatin Isolation by RNA Purifi cation (ChIRP)-Seq 

 Chromatin isolation by RNA purifi cation (ChIRP) is based on affi nity capture of 
target lncRNA–chromatin complex by tiling antisense oligos, which then generates 
a map of genomic binding sites at a resolution of several hundred bases with high 
sensitivity and low background. It is applicable to many lncRNAs because the 
design of affi nity probes is straightforward given the RNA sequence and requires no 
knowledge of the RNA’s structure or functional domains [ 49 ]. Oligonucleotide 
probes are designed to be complementary to the RNA of interest and labeled with 
biotin. Cells are collected and cross-linked with glutaraldehyde to preserve RNA–
chromatin interactions. Then cross-linked cells are lysed and DNA is sheared by 
sonication. The DNA is later isolated from an aliquot of the bound complex by 
treatment with proteinase followed by RNA-seq to digest associated protein and 
RNA. The purifi ed DNA is then sequenced on a next-generation DNA sequencing 
system, where a pileup of reads at specifi c locations on the genome indicates that 
the RNA of interest has bound to that region of the genome. This helps delineate 
specifi c genomic regions that interact with RNA [ 50 ]. 

 ChIRP-seq has greatly improved our understanding of RNA–DNA interactions 
at high resolution on a genomic scale. As with all experiments, proper controls are 
required to interpret the results. Like ChIRP-seq, not all binding events are 
necessarily functional, and additional studies are required to ascertain the biological 
consequences of RNA occupancy on chromatin. In addition, RNA–RNA interactions 
can also be assayed by ChIRP. In this case, instead of proteins, RNAs are eluted and 
subjected to qRT-PCR or high-throughput sequencing analysis.  

3.6.2     Capture Hybridization Analysis of RNA Targets 
(CHART)-Seq 

 Capture hybridization analysis of RNA targets (CHART) is a method to analyze 
RNA targets that are analogous to chromatin immunoprecipitation (ChIP) for 
proteins [ 51 ]. To identify the genomic targets of those large noncoding RNAs which 
can act on chromatin at sites distant from where they are transcribed, this endogenous 
RNA is enriched from cross-linked chromatin extracts using short biotinylated 
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complementary oligodeoxyribonucleotides. The proteins and DNA enriched under 
these conditions can then be examined to determine the targets of RNA. 

 The CHART protocol enables the affi nity capture and study of endogenous 
RNAs from cross-linked nuclear extracts. After cross-linking and fragmenting 
chromatin, capture oligonucleotides are hybridized to an RNA bound to specifi c 
genomic regions and proteins and isolated using streptavidin resin. After stringent 
washing, captured material is eluted with RNase H, which cleaves RNA–DNA 
heteroduplexes created by hybridization of the capture oligonucleotide to the target 
RNA. DNA and proteins can be isolated from the CHART-enriched material and 
subjected to next-generation sequencing or Western blot analysis, respectively [ 52 ]. 
These procedures can be applied to the study of DNA that co-purifi es with alncRNA 
and provide mechanistic insights into lncRNA function by identifying putative trans 
genomic binding sites for endogenous RNAs.  

3.6.3     RNA Antisense Purifi cation (RAP)-Seq 

 RNA antisense purifi cation (RAP) is a method for selective purifi cation of 
endogenous RNA complexes from cell extracts that enables mapping of RNA 
interactions with chromatin [ 53 ]. In RAP, cells are cross-linked to fi x endogenous 
RNA complexes, which will be purifi ed through hybrid capture with biotinylated 
antisense oligos. DNA loci that interact with the target RNA are identifi ed using 
high-throughput DNA sequencing. By cross-linking endogenous macromolecular 
complexes prior to RNA capture, RAP allows for identifi cation of proteins, RNA, 
and DNA loci that cross-link to and co-purify with the target RNA. Compared with 
previous approaches for examining RNA–chromatin interactions such as FISH, 
RNA-centric biochemical purifi cation enables genome-wide mapping of RNA–
DNA interactions by coupling the protocol with high-throughput DNA sequencing 
(RAP-DNA). Thus, RAP provides an important tool for systematic interrogation of 
lncRNA function and mechanism. 

 In the RAP protocol, antisense nucleotide oligo probes are designed for selective 
retrieval of RNA target by RAP. The cells are collected and cross-linked with 
disuccinimidyl glutarate and formaldehyde to preserve RNA–chromatin interactions. 
Then the cross-linked cells are lysed and DNA is sheared by sonication. Next, 
biotinylated DNA probes are hybridized to RNA. Finally RNA and DNA fraction 
from RAP samples are extracted and assayed by quantitative RT-PCR and by 
sequencing, respectively [ 54 ]. Compared to similar protocols, the most distinctive 
and important feature of RAP is its use of long (120-nucleotide) capture probes tiled 
across the entire target RNA. This probe design strategy robustly captures any 
lncRNA and enables the use of stringent hybridization to wash conditions that 
dramatically reduce nonspecifi c interactions of off-target nucleic acids or proteins 
[ 54 ]. 

 Taken together, ChIRP, CHART, and RAP are all based on the same idea—using 
biotinylated oligonucleotides complementary to the RNA of interest as a handle 
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with which to pull down associated proteins or, more accurately, chromatin. The 
next-generation sequencing and/or mass spectrometry will then be used to identify 
the proteins associated with the RNA and the genomic locations at which those 
interactions occurred.   

3.7     Discovering RNA–Protein Interactions 

 As one major mechanism for lncRNA to exert its function is to serve as a scaffold 
via RNA–protein interaction, it is important to investigate which lncRNAs are 
binding to a protein of interest. Moreover, no matter what the lncRNAs serve, such 
as molecular signals, decoys, or guides, they recruit protein accomplices. Thus, the 
identifi cation of the lncRNA-bound proteome is essential for understanding lncRNA 
functions. 

3.7.1     Identifying the lncRNA-Bound Proteome 

 RNA chromatography combined with mass spectrometry represents a widely used 
experimental approach to identify RNA-binding proteins that recognize specifi c 
RNA targets [ 55 ]. RNA chromatography method relies on the use of a cocktail of 
RNases in the elution step. Such results in the release of proteins specifi cally 
associated with the RNA ligand and almost eliminates the background noise, 
allowing for a more sensitive and thorough detection of RNA-binding proteins to 
recognize a specifi c RNA transcript. The process goes as follows: fi rstly, the RNA 
transcript of interest is covalently attached to the agarose beads. Then, the coupled 
RNA and beads are incubated with protein extracts, followed by stringent washes. 
Next, the RNA–protein complexes are denatured, and the bead-coupled RNP 
complex is released from the beads by RNase treatment, followed by SDS electro-
phoresis and mass spectrometry of specifi c protein bands [ 56 ]. 

 Although this method has been carried out to study a large number of functional 
RNA molecules, there are major downsides. Firstly, the RNA baits are often not 
physiologically concentrated or correctly structured, thus leading to artifactual 
protein interactions that occur in in vitro conditions. Secondly, post-lysis association 
between RNA and proteins contributes to false-positive hits, which can in part be 
circumvented by genetically tagging RNAs with affi nity sequences. The tagged 
RNAs and their binding factors can then be purifi ed with affi nity proteins fi xed on a 
solid support. The advantage over RNA chromatography is that the tagged transcripts 
are transcribed in vivo and are thus more likely to be exposed to the same biochemical 
environment as their endogenous counterparts [ 57 ]. In the future, improved RNA 
chromatography method may be developed to capture protein-binding partners of 
individual RNA motifs, embedded in full-length transcripts, by using sequence- 
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specifi c cleaving reagents such as RNAzymes, DNAzymes, or oligonucleotides 
coupled with RNase H. 

 Direct capture of lncRNA-binding proteins by antisense oligonucleotide probes, 
as with the aforementioned ChIRP and RAP methods, can sidestep the complications 
introduced by RNA chromatography or genetic tagging. Comprehensive 
identifi cation of RNA-binding proteins by mass spectrometry (ChIRP-MS) and 
RNA antisense purifi cation mass spectrometry (RAP-MS) have been used to study 
RNA–protein interaction. Chu et al. have performed ChIRP-MS to systematically 
identify Xist RNA-binding proteins [ 57 ]. Xist is tightly associated with the nuclear 
matrix, which makes extraction under native conditions very ineffi cient. Physical 
disruption by sonication could solubilize the Xist RNA, but given its long size (17–
19 kb), shearing would break the RNA into fragments. These problems can be 
resolved by ChIRP, in which cross-linking and subsequent disruption solubilize the 
RNA while preserving its interactions, and tiling antisense oligonucleotide probes 
ensure capture of all possible fragments of the RNA. 

 McHugh et al. have identifi ed a set of highly specifi c and reproducible proteins 
that directly interact with Xist using the RAP-MS method [ 58 ]. Briefl y, RAP-MS 
uses UV cross-linking to create covalent linkages between directly interacting RNA 
and protein and purifi es lncRNAs in denaturing conditions to disrupt non-covalent 
interactions. This UV cross-linking and denaturing approach, which is utilized by 
methods such as CLIP, is known to identify only direct RNA–protein interactions 
and to separate interactions that are cross-linked in the cell from those that merely 
associate in solution. Thus, this RAP-MS experiment identifi es direct Xist- 
interacting proteins. Given the generality of the RAP-MS approach, it is expected 
that this method will be broadly applicable for defi ning the proteins that directly 
interact with lncRNAs. 

 The other way to run the MS analysis is to use quantitative MS to simultaneously 
compare the proteins in the sample and control. In one popular method used for 
RNA–protein analysis, cells are metabolically labeled to generate differentially 
tagged protein pools for MS analysis, in which the isotopes of the proteins are 
compared to provide direct quantifi cation [ 59 ]. The advantage to this approach is 
that the ratios of peptides from the experimental and control samples can be directly 
compared to allow for discrimination of true binding partners from nonspecifi c 
interactors. This method can account for some of the issues associated with abundant 
protein association.  

3.7.2     Validating the RNA–Protein Interaction 

 RNA–protein interaction data obtained by RIP-seq, CLIP-seq, ChIRP-MS, 
RAP-MS, or other high-throughput methods need to be verifi ed by techniques such 
as RIP, RNA pulldown, or RNA-electrophoretic mobility shift assay (EMSA). RIP 
has been developed to identify lncRNA species that bind to a protein of interest. On 
the other hand, if the research focus is to identify the proteins that are bound to a 
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given lncRNA, lncRNA pulldown will help to identify the protein molecules that 
interact with a specifi c lncRNA. As the methods for the study of RNA–protein or 
RNA–protein–DNA have similar characteristics and are confusing, we have 
summarized those methods in Table  3.1 

3.7.2.1       RNA Immunoprecipitation (RIP) 

 As aforementioned in Sect.   1.2.1    , RIP is an antibody-based technique used to map 
in vivo RNA–protein interactions. There are two main classes of these methods, 
native RIP and cross-linked RIP [ 60 ]. Native RIP begins with immunoprecipitation 
of endogenous complexes of RNA-binding proteins and co-isolation of RNAs 
associated with the immunoprecipitated complex. For the validation of RNA–
protein interaction, the RNA in the complex can be isolated and identifi ed by 
quantitative reverse transcription PCR, while the protein can be subjected to Western 
blot analysis. The limitation of native RIP is due to the nonphysiological formation 
of RNA–protein interactions in solution, which can be overcome by the cross-linked 
RIP. The cross-linked RIP is to treat cells with cross-linking methods, such as 

   Table 3.1    Methods for identifying lncRNA–protein–DNA interactions   

 Method  Application  Characteristics 

 RIP  Detect in vivo 
RNA–protein 
interactions 

 RIP involves immunoprecipitation of a protein of interest 
using an antibody. RNAs bound to the protein will be 
isolated and detected by real-time PCR, microarrays, or 
sequencing 

 RNA 
pulldown 

 Detect in vitro 
RNA–protein 
interactions 

 RNA pulldown uses transcribed RNAs or synthetic RNAs 
in vitro for labeling and selectively capture proteins with 
labeled RNA 

 CLIP  Capture in vivo 
RNA–protein 
interactions 

 CLIP is similar to RIP, except it adds a UV cross-linking 
step before immunoprecipitation, which specifi cally and 
irreversibly links proteins to RNAs that are in very close 
proximity 

 ChIRP  Map the genomic 
binding sites of 
chromatin- 
associated lncRNAs 

 ChIRP, CHART, and RAP all uses biotinylated 
oligonucleotides complementary to the RNA of interest to 
pull down associated proteins and chromatin. ChIRP uses 
relatively short antisense DNA oligonucleotides to capture 
and purify specifi c lncRNA–chromatin complexes from 
the cell 

 CHART  Identify the genomic 
targets of lncRNAs 

 CHART targets the RNA with a few short DNA-based 
oligonucleotides and identifi es genomic DNA and proteins 
cross-linked to the RNA of interest. CHART uses RNase 
H to cleave RNA–DNA heteroduplexes created by 
hybridization of the capture oligonucleotide to the target 
RNA 

 RAP  Identify the genomic 
targets of lncRNAs 

 RAP uses relatively long capture probes tiled across the 
entire target RNA and identifi es proteins, RNA, and DNA 
loci that cross-link to and co-purify with the target RNA 
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formaldehyde cross-linking. By cross-linking RNA–protein complexes and 
purifying the complex under denaturing conditions, one can distinguish in vivo 
interactions that are cross-linked in the cell from interactions formed subsequently 
in solution [ 60 ]. 

 Huarte et al. have discovered multiple lincRNAs in the p53 pathway. The mass 
spectrometry analysis demonstrated the interaction between lincRNA-p21 and 
hnRNP-K. To validate this interaction, they performed RIP with an antibody against 
hnRNP-K from nuclear extracts. Then they further performed cross-linked RIP with 
formaldehyde cross-linked cells followed by stringent washing conditions to rule 
out potential nonspecifi c interactions and observed a greater and very signifi cant 
enrichment of lincRNA-p21 in the hnRNP-K RIP [ 61 ]. Thus RIP is a powerful 
technique that can be used to detect the in vivo interaction between individual 
proteins and specifi c lncRNA. The drawback of this method is that RNAs of high 
abundance are easily purifi ed, while specifi c interactions that occur with low- 
abundance transcripts may be masked by nonspecifi c interactions that occur with 
highly abundant transcripts.  

3.7.2.2     RNA Pulldown 

 Proteins interact with RNA through electrostatic interactions, hydrogen bonding, 
hydrophobic interactions, and base stacking. Protein–RNA interactions are 
signifi cantly infl uenced by the tertiary structure on the RNA molecules. Therefore, 
in assays to identify protein–RNA interactions, both the RNA and protein(s) must 
be correctly folded to allow proper binding. 

 The RNA pulldown assay uses high-affi nity tags such as biotin to selectively 
extract a protein–RNA complex from a sample in vitro. In this assay, RNAs are 
biotin labeled and transcribed with T7 RNA polymerase and then purifi ed. Biotin- 
HRP Northern blot is performed to demonstrate that all the RNAs are biotinylated 
and transcribed at the right size. Then biotinylated RNA is prepared to allow for 
proper secondary structure formation, which is a critical step for the function where 
end labeling is preferred. Folded RNA is then incubated with cell lysates, after 
which streptavidin agarose beads are added to each binding reaction and further 
incubated. Lastly the beads are washed and boiled in SDS buffer, and the retrieved 
protein can be detected by Western blot [ 62 ]. The advantage of RNA pulldown 
assay is the enrichment of low abundant targets. Huarte et al. have carried out RNA 
pulldown to identify proteins possibly associated with lincRNA-p21 and further 
used this experiment to detect the interaction of truncated versions of lincRNA-p21 
with heterogeneous nuclear ribonucleoprotein K (hnRNP-K). These analyses suc-
cessfully identifi ed a 780 nt region at the 5′ end of lincRNA-p21 required for the 
interaction with hnRNP-K [ 61 ].  
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3.7.2.3     RNA-EMSA 

 An electrophoretic mobility shift assay (EMSA) or mobility shift electrophoresis, 
also referred as a gel shift assay, gel mobility shift assay, band shift assay, or gel 
retardation assay, is a common affi nity electrophoresis technique used to study 
protein–DNA or protein–RNA interactions. This procedure can determine if a 
protein or mixture of proteins is capable of binding to a given DNA or RNA sequence 
and can sometimes indicate if more than one protein molecule is involved in the 
binding complex. Gel shift assays are often performed in vitro concurrently with 
DNase footprinting, primer extension, and promoter-probe experiments when 
studying transcription initiation, DNA replication, DNA repair or RNA processing, 
and maturation. Although precursors can be found in earlier literature, most current 
assays are based on methods described by Garner and Revzin and Fried and Crothers 
[ 63 ,  64 ]. 

 The RNA-EMSA detects protein–RNA interactions through changes in migration 
speed during gel electrophoresis. In this essay, a labeled RNA probe is incubated 
with a protein sample (typically from a cell lysate) to initiate binding and formation 
of the interaction complex. The binding reaction is then separated via nondenaturing 
polyacrylamide gel electrophoresis. Like protein–DNA complexes, a protein–RNA 
complex migrates more slowly than a free RNA probe through a gel matrix, which 
causes a migration shift relative to the nonbound RNA probe. Hereby, specifi city is 
determined through a competition reaction, where excess unlabeled RNA is 
incubated in the binding reaction, resulting in a decrease in the shifted signal if the 
labeled and unlabeled RNA sequences compete for binding of the same protein. 
Alternatively, the protein–RNA complex may be cross-linked and the reaction runs 
on a denaturing gel. In this case, specifi city is determined through visualization of a 
single shifted band. Traditionally, RNA probes are radioactively labeled for 
detection, although fl uorescent and chemiluminescent detection is also possible 
[ 65 ]. Nonradioactive RNA end-labeling techniques are limited, but more versatile 
biotin and fl uorescent labeling methods are now available. With the RNA-EMSA 
method, it is easy to screen RNA mutants for binding effi ciency.  

3.7.2.4     In Situ Visualization of RNA and Proteins 

 Protein immunofl uorescence (IF)/fl uorescence in situ hybridization (FISH) double 
labeling (IF/FISH) is a combining method to simultaneously detect RNA and 
multiple protein targets in fi xed cells. It relies on specifi c antibody and fl uorophore- 
labeled RNA probes to localize specifi c genes or regions along chromosomes, 
analyzing temporal and spatial gene expression. IF/FISH is often used to detect and 
co-localize the interaction between specifi c RNA (mRNA, lncRNA, and miRNA) 
and associated protein in cells and tissue samples. 

 To simultaneously preserve antigens for protein detection and enable RNA probe 
penetration for FISH, IF/FISH begins with protein IF, followed by RNA 
FISH. Briefl y, the cells or tissue section is fi xed and incubated with the specifi c 
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primary antibody, and then the secondary antibody is applied. The cells or tissue 
section is then permeabilized and rehydrated for FISH. The specifi c fl uorophore- 
labeled probe is synthesized and used to hybridize to the target RNA, where the 
signal is detected under a fl uorescence microscope [ 66 ]. The advantage of IF/FISH 
is that the readout is visual, and a co-localized signal for both the RNA and protein 
of interest indicates possible complex formation. The main challenges of a combined 
IF and FISH analysis are to preserve nuclear organization and the epitope detected 
by the antibody (IF) as far as possible and to allow for the penetration of the FISH 
probe on detection of nuclear primary transcripts (RNA FISH). Achieving these 
goals depends on several factors: the copy number of the endogenous molecules, the 
length and GC content of the RNA probe, the structural features of the tissues and 
cells, and the sensitivity of complexes to denaturing chemicals. Many investigators 
have developed protocols for IF/FISH in various tissues. One needs to choose the 
optimized permeabilization and fi xation methods for different tissues and RNA 
targets for the best result of combining protein IF with RNA FISH experiments [ 67 ].    

3.8     Probing and Analyzing lncRNA Structure 

 While functional roles of several lncRNAs have been determined, the molecular 
mechanisms are not well understood. Because RNA functional performance is 
typically driven by its secondary and tertiary organization, determining the structural 
and functional domains of lncRNAs, as well as sequence-specifi c requirements, will 
lay the foundation for a detailed mechanistic understanding of lncRNAs. 

3.8.1     Bioinformatics to Predict RNA Structure: Mfold, 
RNAfold, and RNA Structure 

 Structural architecture plays a key role in understanding the mechanism of functional 
RNAs. Before the mechanisms of many functional RNAs are understood, it’s 
fundamentally important to have an extensive knowledge on secondary structure 
and comparative sequence analysis. Although RNA is in general single stranded, the 
bases have a strong propensity to interact in two principal ways, either perpendicular 
to their planes (stacking) or hydrogen bonded within the base planes (pairing) [ 68 ]. 
Paired residues are indicated by connecting lines in the RNA secondary structure 
diagrams composed of stems, bulges, and loops [ 69 ]. The base pairs in RNA are 
A–U and G–C, but the non-Watson–Crick G–U wobble pair has approximately the 
same stability as an A–U is commonly observed in all the medium-sized and larger 
RNA molecules [ 70 ]. It is reported that single-stranded regions often serve as 
landing pads for proteins. Loops have been shown to be critical in the recognition of 
small molecules as well as controlling the formation of long-distance interactions 
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within complex RNAs. Extended stem structures have been implicated in RNA- 
based diseases [ 71 ]. 

 Computational calculations which determine the secondary structure (the base- 
paired helical regions) of an RNA molecule using energy calculations are readily 
available. The Mfold web server (  http://unafold.rna.albany.edu/?q=mfold    ) uses 
minimum free energy (MFE) RNA structure prediction algorithm and provides easy 
access to RNA and DNA folding and hybridization softwares [ 72 ]. The RNAfold 
web server (  http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi    ) also uses MFE RNA 
structure prediction algorithm and predicts secondary structures of single-stranded 
RNA or DNA sequences [ 73 ]. The RNA structure (  http://rna.urmc.rochester.edu/
RNAstructureWeb/    ) is a program used to predict lowest free energy structures and 
base pair probabilities for RNA or DNA sequences [ 74 ]. It is also available to 
predict maximum expected accuracy structures which include pseudoknots. 
Structure prediction can be constrained using experimental data, including RNA- 
selective 2′-hydroxyl acylation and primer extension (SHAPE), enzymatic cleav-
age, and chemical modifi cation accessibility [ 72 ].  

3.8.2     RNA Secondary Structure Probing and RNA 
Footprinting 

 Chemical and enzymatic footprinting methods are used to map RNA secondary and 
tertiary structure, to monitor ligand interactions and conformational changes, and to 
study protein–RNA interactions. The binding of a protein to an RNA sequence 
protects the region of the RNA from ribonuclease (RNase) digestion, and this 
protected region is known as the protein’s “footprint” [ 75 ]. Such methods provide 
data at single-nucleotide resolution that nicely complements the structural 
information available from X-ray diffraction, nuclear magnetic resonance (NMR) 
spectroscopy, or cryo-electron microscopy. Conventional footprinting methods are 
among the most powerful ones to obtain fi rst valuable insight at nucleotide resolution 
into RNA–protein and RNA–ligand interactions. They have the advantage of 
requiring little material and not having technical constraints like the need for good- 
quality crystals for X-ray diffraction or high solubility samples for NMR. 

 In this protocol, end-labeled RNAs with and without bound protein are digested 
with RNase, and the products of digestion are analyzed by gel electrophoresis on 
denaturing polyacrylamide gels. If the experiment is performed properly, a 
comparison of the banding patterns from the two samples will reveal the binding 
site of the protein or “footprint,” which will be detected as a region without bands 
in the protein-bound sample. In the sample without bound protein, the bands should 
cover the entirety of the RNA molecule. To establish appropriate digestion conditions 
for the procedure (i.e., 1 cleavage event per molecule), it is necessary to titrate the 
amount of RNase under a range of time and temperature conditions. RNase I cleaves 
after every nucleotide of RNA and works well under many assay conditions, but 
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other enzymes with different cleavage specifi cities can also be used. RNase VI is 
preferable for analyzing structured RNA, while RNase A is for using pyrimidine- 
rich RNAs and RNase T1 for G-rich RNAs [ 76 ]. Choosing enzymes with preference 
for double-stranded (such as RNase VI) versus single-stranded (such as RNase I) 
RNA may also be helpful. Often, a combination of nucleases is advantageous.  

3.8.3     RNA-Selective 2 ′ -Hydroxyl Acylation and Primer 
Extension (SHAPE) 

 RNA has the unique ability to base-pair with itself and other nucleic acids to form 
complex structures. Hence the information content in RNA is encoded not only in 
its linear sequence of bases but also in the complex folding of RNA molecules. 
Chemical probing is a powerful technique for RNA structure analysis, where the 
RNA of interest is “modifi ed” by a chemical reagent in some way. The reagent can 
be a small organic molecule, a metal ion, or an RNase enzyme. The modifi cation 
can be performed using purifi ed components in vitro or in a complex biological 
environment in situ or in vivo, where the reaction with the RNA is relatively limited 
and any two modifi cation events are uncorrelated. It can result in either the cleavage 
of the RNA or the formation of a covalent chemical adduct between the RNA and 
probe molecule. Chemical cleavage is usually detected by resolving end-labeled 
RNA fragments by size. Both classes of modifi cation, cleavage, and adduct 
formation can be detected as a stop to primer extension mediated by a reverse 
transcriptase enzyme with sites of modifi cation inferred from the length of the 
resulting cDNA fragments [ 77 ]. 

 A general chemical functionality that all RNAs have is a 2′-hydroxyl group in the 
ribose ring, and the reactivity of the 2′-hydroxyl in RNA is gated by local nucleotide 
fl exibility. In other words, the 2′-hydroxyl is reactive at single-stranded and confor-
mationally fl exible positions, but unreactive at nucleotides constrained by base pair-
ing. Recent efforts have been focused on developing reagents that modify RNA as 
a function of RNA 2′-hydroxyl group reactivity. Such RNA structure probing tech-
niques can be read out by primer extension in experiments termed RNA SHAPE 
[ 71 ]. 

 SHAPE chemistry interrogates local nucleotide dynamics in RNAs of virtually 
any size in a single experiment. A SHAPE experiment employs hydroxyl-selective 
electrophiles that react with the 2′-hydroxyl group to form a 2′-O-ester adduct over 
periods of a few minutes, but that can be as short as 1 s. SHAPE measures local 
nucleotide dynamics because fl exible nucleotides are better able to adopt conforma-
tions conducive to electrophilic attack by the 2′-hydroxyl group [ 71 ]. Mechanistic 
studies show that SHAPE reactivities are largely independent of nucleotide type 
and correlate strongly with the model-free order parameter calculated from NMR 
relaxation measurements on RNA, suggesting that this chemistry provides a quan-
titative measure of local nucleotide fl exibility. 
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 RNA structure probing has continued to evolve from using blunt measurements 
through RNA cleavage to high-resolution analysis with chemical probes [ 77 ]. The 
2′-hydroxyl acylation has emerged as a leading chemical probing technique owing 
to its generality and quantitative output. The extension of this technology to in vivo 
measurements presents a mandate that researchers who focus on understanding 
RNA structure and function should begin to study RNA structure within the native 
environment of the cell. Enabling in vivo SHAPE measurements transcriptome- 
wide to yield an RNA structure-ome that measures all four nucleobases will be a 
major milestone in the near future.  

3.8.4     Parallel Analysis of RNA Structure (PARS) 

 To increase the throughput of obtaining experimental RNA structure data 
independent of RNA size, Chang’s team developed the parallel analysis of RNA 
structure (PARS) method which used structure-specifi c enzymes for in vitro 
profi ling of the secondary structure of RNA species at single-nucleotide resolution 
[ 78 ,  79 ]. PARS couples traditional RNA footprinting with high-throughput 
sequencing to identify double- and single-stranded regions of many RNAs in 
solution simultaneously. The method provides genome-wide RNA structural 
information at single-nucleotide resolution, greatly expanding the number of RNA 
secondary structures probed. Briefl y, double- and single-stranded bases that are 
present in a pool of isolated cellular RNAs are cleaved using RNase V1 and S1 
nuclease, which are double- and single-strand specifi c, respectively. Instead of 
detecting the cleavage sites by running a sequencing gel, the cleavage sites are 
identifi ed by converting the RNA into a cDNA library and performing high- 
throughput sequencing on this library. The secondary structures of thousands of 
RNAs can be determined simultaneously because the deep sequencing reads can be 
mapped specifi cally to the yeast transcriptome, thus enabling researchers to identify 
where the cleavage event has occurred. The extent of enzymatic cleavage at a base 
is estimated by counting the number of reads that start at that particular base. 
Depending on the sequencing depth of the libraries, structural information on 
thousands of RNAs can be obtained [ 78 ]. This information can provide insight into 
the structural properties of most mRNAs in the cell, as well as how structural 
organization of groups of genes can affect cellular biology. 

 In addition to yeast, the PARS approach should be applicable to probing in vitro 
the structures of RNAs isolated from many other organisms [ 79 ]. It should also be 
useful for studying structural RNA changes under different solution conditions. 
However, performing PARS on organisms with highly repetitive genomes may be 
challenging because of the diffi culty in mapping the sequencing reads to the 
individual transcripts accurately. Similarly to an RNA sequencing library, paired- 
end sequencing of a PARS library can enhance mapping of sequencing reads, as 
information from the two ends of the read can extend beyond the repetitive region 
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and reside in a region with unique sequence content. This enables the accurate 
assignment of the read to a specifi c transcript.   

3.9     Identifying RNA–Protein Interfaces 

 RNAs are fl exible molecules that display complex secondary and tertiary structures 
almost as diverse as their function. Although they are commonly single stranded, 
their structures include short lengths of double helices, hairpin loops, bulges, and 
pseudoknots. Proteins tend to interact with RNA, which forms complex secondary 
structure elements such as stem-loops and bulges. In addition, non-Watson–Crick 
base pairing can occur in loop regions of RNA structures which can also be 
preferentially identifi ed by proteins. Protein–RNA interactions are essential for 
many biological processes. However, the structural mechanisms underlying these 
interactions are not fully understood. 

3.9.1     RNA Mechanically Induced Trapping of Molecular 
Interactions (RNA-MITOMI) 

 MITOMI was originally developed to map the binding affi nities of proteins to 
various DNA target sequences, but MITOMI applications have since been expanded 
to measure a broad range of molecular interactions, including protein–RNA, 
protein–protein, antibody–protein, and protein–small molecule [ 80 ]. The MITOMI 
platform combines two different techniques, microarrays and a new microfl uidic 
detection mechanism. A MITOMI microarray consists of a planar substrate, usually 
an epoxy-coated glass slide, onto which minute amounts of biological solutions are 
printed using standard microarray robots. Slides can contain thousands of spots of 
biological solutions, including DNA, RNA, and small molecules. Once spotted, a 
microfl uidic chip is aligned and bonded to the microarray. MITOMI chips generally 
consist of two layers: a fl ow layer, which is in contact with the substrate and contains 
a network of microfl uidic channels to perform the biological assays, and a control 
layer, which comprises MITOMI button membranes and valves to control fl uid fl ow 
[ 81 ]. 

 Aiming at identifying the contribution of RNA structural and sequence features 
to affi nity for a given ligand, Martin et al. have developed a microfl uidic platform 
that allows for the integrated synthesis and functional assays for programmable 
RNA libraries. They arrayed DNA oligos, which served as transcription templates 
for the RNA library, and overlaid the MITOMI chip onto the array such that each 
spot was compartmentalized in a unique microchamber. They then fl owed an in vitro 
transcription mix onto the chip, transcribing RNA from each DNA spot. The 
transcribed poly(A)-tailed RNA molecules hybridized to the surface-immobilized 
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capture probe. After the RNA synthesis, they used a quencher probe to quantify 
RNA capture in each detection chamber. Such design allowed for co-transcriptional 
RNA folding and quantifi cation of RNA capture without incorporation of 
fl uorophore-modifi ed nucleotides or use of intercalating dyes, which can alter RNA 
structure or function. Next they incubated N-terminal glutathione S-transferase 
(GST)-tagged stem-loop-binding protein (SLBP) with Texas Red dye conjugated to 
a GST antibody and fl owed the protein across the immobilized RNA library. Both 
RNA and protein captured in each chamber after equilibration using a microarray 
scanner were quantifi ed. Thus the interaction of a comprehensive library of RNA 
mutants with stem-loop-binding protein precisely defi ned the RNA structural and 
sequence features that govern affi nity [ 80 ]. 

 RNA-MITOMI analysis is complementary with sequencing-based methods for 
RNA interactomics, which can identify thousands of putative RNA–ligand 
interactions that need to be validated. Furthermore, motifs may be recombined and 
assayed to support engineering of ncRNAs or untranslated regions with new 
functions.  

3.9.2     Domain-Specifi c ChIRP (dChIRP) 

 In 2011, Chang and colleagues reported chromatin isolation by RNA purifi cation 
(ChIRP), a genome-wide RNA-centric approach to identify RNA–chromatin 
interactions [ 49 ]. To obtain deeper insights into lncRNA function, they recently 
reported a variation on ChIRP, called dChIRP (domain-specifi c ChIRP), which 
dissects the functions of individual domains of a lncRNA within its natural 
environment, the cell [ 82 ]. For an RNA of interest, dChIRP can identify domain- 
level intramolecular and intermolecular RNA–RNA, RNA–protein, and RNA–DNA 
interactions and map the RNA’s genomic binding sites with higher precision than 
domain-agnostic methods. 

 The dChIRP approach involves fi rst designing biotinylated, antisense oligonu-
cleotide pools that target specifi c domains (defi ned by functional evidence or simply 
by dividing up the lncRNA by length) of alncRNA. Next, whole cells are cross-
linked to preserve lncRNA interactions. The chromatin fraction is sonicated to frag-
ment the lncRNA into domain-sized lengths. The pooled, biotinylated 
oligonucleotides are then added to the divided chromatin samples and allowed to 
hybridize. Finally, the lncRNA regions of interest are purifi ed along with any 
binding partners, on magnetic streptavidin beads [ 82 ,  83 ]. Each purifi cation is then 
subjected to different analyses: immunoblotting, reverse transcription quantitative 
PCR, and quantitative PCR or sequencing to identify RNA–protein, RNA–RNA, 
and RNA–chromatin interactions, respectively. 

 Chang’s team applied dChIRP to study putative functional domains in the roX1 
lncRNA of  Drosophila melanogaster  [ 82 ]. Their analysis revealed the functional 
domain architecture of roX1, suggesting “three-fi ngered hand” structure with three 
distinct domains extending from a “palm.” The team found that these fi nger domains 
interacted with chromatin and the male-specifi c lethal riboprotein complex and 
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behaved as independent functional RNA subunits. Importantly, by focusing only on 
the domains that strongly associate with DNA, dChIRP improved the signal-to- noise 
ratio by >20-fold over traditional ChIRP, which interrogated interactions across the 
whole of roX1. This method enables lncRNAs to be characterized at the domain 
level, thus providing insights into how the modularity of specifi c RNA domains 
could contribute to the diverse functions of lncRNAs in gene expression regulation.  

3.9.3     RNase Protection Assay 

 The RNase protection assay (RPA) was fi rst used to analyze RNA structures and 
then has been adapted to study RNA–protein complexes [ 84 ]. Subsequently, 
oligonucleotide-targeted RNase H protection assay had been developed and became 
a powerful approach to analyze protein-binding domains in ribonucleoprotein 
particles (RNPs). In such an assay, the RNA component of a RNP and, in an essential 
control reaction, the corresponding deproteinized RNA are targeted with an 
antisense DNA oligonucleotide and RNase H. If the oligonucleotide is able to 
anneal to the complementary sequence of the RNA, RNase H will cleave the RNA 
within the double-stranded DNA/RNA region. However, protein binding to a 
specifi c RNA sequence may prevent hybridization of the DNA oligonucleotide, 
thereby protecting the RNA molecule from endonucleolytic cleavage, indicating a 
site of interaction between protein and RNA [ 85 ]. 

 RPA assays allow greater fl exibility in the integrity of target RNA, requiring very 
short segments for hybridization and detection. RNase H requires only a four-base- 
pair hybrid with a DNA probe in order to cleave the RNA molecule of interest. 
Using many small probes allows the entire sequence of RNA to be mapped for sites 
of interaction. On the one hand, an RNase H protection analysis can usually be 
carried out with crude cell extract and does not require further RNP purifi cation. On 
the other hand, purifi ed RNP fractions are preferable when a crude extract contains 
RNase activity or a heterogeneous RNP population of a specifi c RNA. The cleavage 
pattern of RNase H digestion can be analyzed by Northern blotting or RT-PCR. In 
addition, the investigation of RNP fragments, for example, by native gel 
electrophoresis, may reveal important structural information about a RNP.  

3.9.4     Structural Analysis of Protein–RNA Interactions 
with Biotin-Labeling Assay and Mass Spectrometry 

 Large protein–RNA structures are often less amenable to crystallographic and/or 
NMR analysis. To enable rapid and accurate mapping of protein–RNA contacts, 
Kvaratskhelia et al. have described a footprinting methodology which used biotin- 
labeling assay and mass spectrometry for the identifi cation of amino acids in the 
protein of interest that interact with cognate RNA [ 86 ]. The method exploits dif-
ferential accessibility of the primary amine modifying reagent N-hydroxysuccinimide 
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(NHS)–biotin to lysine residues in the free protein versus the protein–RNA com-
plex. Subsequent mass spectrometric analysis enables accurate identifi cation of 
these residues [ 87 ]. This method is a combination of the protein-footprinting steps 
comprising nucleoprotein modifi cation by NHS–biotin, SDS-PAGE fractionation 
of different protein subunits, in-gel proteolysis, and comparative MS analysis of 
peptide fragments. 

 Monitoring lysine accessibility is a logical choice, as lysine–phosphate backbone 
contacts play a key role in the formation of many nucleoprotein complexes. 
Introducing SDS polyacrylamide gel electrophoresis (PAGE) and in-gel proteolysis 
prior to mass spectrometry is important for the following reasons. SDS-PAGE 
allows separation of individual protein subunits based on their molecular weight 
differences. Thereafter, contact lysines can be accurately assigned to individual 
components of a multi-subunit complex. The methodology can be expanded to 
probe other RNA-interacting amino acids such as Arg, Trp, Tyr, His, and Cys using 
corresponding commercially available reagents and represents a powerful tool for 
high-resolution solution structural studies of protein–nucleic acid complexes [ 88 ].   

3.10     Detecting Regulation of lncRNA Expression 

 Recently increased attention has been focused on the regulation of the expression of 
lncRNAs, which are transcribed by RNA polymerase II. Many lncRNAs are 
expressed in a tissue- or development-specifi c pattern and have the hallmarks typical 
of pol II-transcribed gene products, 7-methylguanosine capping, and polyadenylation. 
The expression of lncRNA is tightly controlled. At the transcriptional level, DNA 
methylation at CpG dinucleotides and histone modifi cation is the main epigenetic 
mechanism to regulate lncRNA expression. Meanwhile, lncRNA has been shown to 
be the target of well-known transcription factors. At the posttranscriptional level, 
lncRNA can be targeted by miRNA- and RNA-binding proteins, which causes 
lncRNA degradation. Here we will discuss the methylation-specifi c PCR and 
bisulfate sequencing PCR methods to detect DNA methylation, the chromatin 
immunoprecipitation assay to detect histone modifi cation and transcription factor 
binding, the reporter assay to characterize putative promoter or regulatory factors, 
and the DNA-EMSA to determine the DNA–protein interaction. 

3.10.1     Methylation-Specifi c PCR (MSP) and Bisulfate 
Sequencing PCR (BSP) 

 DNA methylation, a stable and heritable epigenetic mark, is one of the most impor-
tant mechanisms to directly modulate differential gene expression profi les depend-
ing on the cell type. It is known that a large proportion of lncRNAs are transcribed 
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from promoters with low CpG dinucleotide contents, and methylation- specifi c PCR 
(MSP) has become a rapid method for the analysis of DNA methylation patterns in 
CpG islands, independent of the use of methylation-sensitive restriction enzymes 
[ 89 ]. This assay entails initial modifi cation of DNA by sodium bisulfi te, converting 
all unmethylated, but not methylated, cytosines to uracil, and subsequent amplifi ca-
tion with two primer pairs, which are detectable methylated and unmethylated 
DNA, respectively. MSP, which requires only small quantities of DNA, is sensitive 
to 0.1 % methylated alleles of a given CpG island locus and can be performed on 
DNA extracted from paraffi n-embedded samples. It also eliminates the false-posi-
tive results inherent to previous PCR-based approaches which rely on differential 
restriction enzyme cleavage to distinguish methylated from unmethylated DNA. In 
addition, by incorporating some basic automation, samples can be prepared and 
analyzed in a 96-well plate format. Therefore, the method can be used either quan-
titatively (qRT-PCR based) or qualitatively (using agarose gels) to detect changes in 
DNA methylation. 

 Meanwhile, bisulfate sequencing PCR (BSP) is the gold standard for methylation 
detection and can quantitate the detection of gene methylation level. This method is 
based on the fi nding that the amination reactions of cytosine and 5-methylcytosine 
(5mC) proceed with very different consequences after the treatment of sodium 
bisulfate [ 90 ]. In this regard, cytosines in single-stranded DNA will be converted 
into uracil residues and recognized as thymine in subsequent PCR amplifi cation and 
sequencing, while 5mCs are immune to this conversion and remain as cytosines to 
be distinguished from unmethylated cytosines. A subsequent PCR process is 
necessary to determine the methylation status in the loci of interest by using specifi c 
methylation primers after the bisulfi te treatment. The actual methylation status can 
be determined either through direct PCR product sequencing (detection of average 
methylation status) or subcloning sequencing (detection of single-molecule 
distribution of methylation patterns). Moreover, bisulfi te sequencing analysis cannot 
only indentify DNA methylation status along the DNA single strand but also detect 
the DNA methylation patterns of DNA double strands since the converted DNA 
strands are no longer self-complementary and the amplifi cation products can be 
measured individually [ 89 ]. 

 Taken together, MS-PCR is a more rapid way to detect changes in DNA 
methylation than bisulfi te sequencing, with the former providing only a relative 
difference in the CpG density within a genomic region and the latter the single- 
nucleotide resolution of CpG methylation. However, bisulfi te-based DNA 
methylation analysis has more quantitative accuracy, detection sensitivity, high 
effi ciency, and a wide spectrum for sample analysis.  
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3.10.2     Chromatin Immunoprecipitation (ChIP) 

 The ChIP method can be used to monitor DNA-binding factors, such as transcription 
factors, posttranscriptionally modifi ed histones, and members of the transcription 
complex, to assess regulatory input, epigenetic modifi cations, and transcriptional 
activity [ 91 ]. The ChIP assay method allows for the analysis of DNA–protein 
interactions in living cells by treating the cells with formaldehyde or other cross- 
linking reagents in order to stabilize the interactions for downstream purifi cation 
and detection. In this approach, an antibody to the transcription factor of interest is 
used to immunoprecipitate the protein–DNA complex that has been cross-linked in 
whole cells. The immunoprecipitation is then subjected to PCR using primers that 
fl ank the DNA element of interest, after which the products are quantifi ed using 
electrophoresis or qPCR [ 92 ]. In order to visualize these complexes, it is essential 
to have a tissue or cell line that expresses the protein of interest, as the transcription 
factors bound to a gene may vary depending on the cell type and level of gene 
expression, and designing an oligonucleotide sequence that will yield an adequate 
PCR product may be challenging at times. Despite the challenges, particularly in 
characterizing novel transcription factors, ChIP assay is still a powerful approach to 
demonstrate protein–DNA interactions in vivo.  

3.10.3     Reporter Assay 

 Since many lncRNA promoters have been found to have putative transcription 
factor binding sites, the reporter assay can be used to test such putative promoter 
and regulatory sequence or even the enhancer and repressor regions. The reporter 
genes are fusions of a target promoter DNA sequence and a reporter gene DNA 
sequence. The promoter DNA sequence is customized by the researcher, and the 
reporter gene DNA sequence is coded for a protein with detectable properties such 
as fi refl y luciferase,  Renilla luciferase , or alkaline phosphatase. These genes 
produce enzymes only when the promoter of interest is activated. The enzyme, in 
turn, catalyzes a substrate to produce either light, color change or other reactions 
that can be detected by spectroscopic instrumentation. With the signal from the 
reporter gene being used as an indirect determinant for the translation of endogenous 
proteins driven from the same promoter, reporter assay provides a sensitive readout 
of the transcriptional activity of a DNA fragment and can be used to test the effect 
of specifi c treatments on the transcriptional activity of a promoter.  
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3.10.4     DNA Electrophoretic Mobility Shift Assay 
(DNA-EMSA) 

 The EMSA is used to study proteins binding to known DNA oligonucleotide probes 
and to assess the degree of affi nity or specifi city of the interaction [ 93 ]. The 
technique is based on the observation that protein–DNA complexes migrate more 
slowly than free DNA molecules when subjected to nondenaturing polyacrylamide 
or agarose gel electrophoresis. Because the rate of DNA migration is shifted or 
retarded upon protein binding, the assay is also referred to as a gel shift or gel 
retardation assay. Adding a protein-specifi c antibody to the binding components 
creates an even larger complex (antibody–protein–DNA) which migrates even 
slower during electrophoresis. This is known as a supershift and can be used to 
confi rm protein identities. 

 The gel shift assay is performed by incubating a purifi ed recombinant protein, 
nuclear, or cell extract with [32P]-end-labeled DNA fragment containing the 
putative protein binding site. The reaction products are then analyzed on a 
nondenaturing polyacrylamide gel. The specifi city of this interaction is confi rmed 
by competition experiment using unlabeled DNA fragment of interest [ 93 ]. Now 
nonradioactive EMSA using biotinylated or fl uorescently labeled DNA probes has 
become available. EMSA can be used to study the gene regulation and determine 
the DNA–protein interaction, especially in detecting low-abundance DNA-binding 
proteins from lysates. Moreover, this method is good for testing binding site 
mutations using many probe confi gurations with the same lysate and binding affi nity 
through DNA probe mutational analysis.   

3.11     Animal Models of lncRNA 

 Numerous murine models have been developed to study human cancer. One of the 
most widely used models is the human tumor xenograft, where human tumor cells 
are transplanted either subcutaneously or orthotopically into immunocompromised 
mice. Another model is the genetically engineered mouse (GEM) model, where the 
genetic profi le of the mice is altered such that one or several genes thought to be 
involved in the transformation or malignancy are overexpressed, deleted, or mutated. 
Each model has its use in studying lncRNA function in cancer initiation, 
development, and metastasis. 
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3.11.1     Genetically Engineered Mouse (GEM) Models 

 The xenograft models that use human tumor cell lines or primary human tumors 
have been used for decades to increase our understanding of factors affecting tumor 
growth. However, recent information regarding the key infl uence of the tumor 
microenvironment on tumor progression and growth has led to greater reliance on 
GEM tumor models using immunocompetent mice. In the GEM model, the tumor 
microenvironment can be mirrored as much as possible in a murine tumor. Moreover, 
specifi c genetic abnormalities can be induced at specifi c ages in the tissue-type of 
origin, and the stages of tumor progression can be studied over time. To probe the 
in vivo function of lncRNAs in cancer, one can generate transgenic overexpression 
or knockout mice and either observe the spontaneous tumor formation or cross the 
mice with relevant tumor models to examine tumor onset or metastasis. 

3.11.1.1     Transgenic Mouse Model 

 In 1974, Rudolf Jaenisch injected SV40 virus DNA into a mouse blastocyst, which 
created the fi rst mouse carrying the exogenous gene. Later, some researchers 
injected the murine leukemia virus into mouse embryos, producing the mouse that 
was stably genetic through reproductive system and could pass along stable 
exogenous gene expression to its offspring. These mice are called transgenic mice. 
The basic principle of constructing transgenic mouse is that the reconstructed target 
genes (or the genome fragments) are injected into the donor mouse’s fertilized eggs 
(or embryo cells before implantation) by microscopic injections, and then this 
fertilized egg (or embryo cells before implantation) is implanted into recipient 
animals’ oviduct or uterus in order to develop into transgenic animals with foreign 
genes [ 94 ]. This technique not only reveals the function of exogenous gene but also 
serves for the mass production of engineered animals through analysis of the 
relationship between the transgene and the phenotype of experimental mice. 

 Currently, transgenic mice for lncRNA overexpression have been generated for 
experiments. Embryonic stem (ES) cell gene targeting technology is the most 
common method. Guo et al. have generated bone marrow-expressing lncRNA- 
BGL3 transgenic mice by the microinjection and found expression of lncRNA- 
BGL3 in the transgenic mice signifi cantly inhibits Bcr–Abl-mediated primary bone 
marrow transformation [ 95 ]. Gomez et al. have generated mice that expressed NeST 
RNA transgenically by pronuclear microinjections. NeST cDNA was cloned 
downstream of a CD4 + and CD8+ T cell-specifi c promoter, and mice that expressed 
NeST RNA, either in its natural chromosomal environment or by transgenic delivery, 
displayed increased resistance to  Salmonella -induced pathogenesis but increased 
susceptibility to Theiler’s virus persistence [ 96 ]. The generation of transgenic 
mouse model can determine the role of lncRNAs in normal development and 
pathogenesis, while the implication of lncRNAs in tumorigenesis, metastasis, and 
progression remains to be further investigated in transgenic mouse models.  
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3.11.1.2     Knockout Mouse Model 

 For the in vivo loss-of-function analysis, knockout (KO) mouse model of lncRNA 
can be used. Most of the KO strategies of the protein-coding genes need the 
translation of the RNA transcript to achieve the disruptive effect and are not feasible 
for lncRNAs. Thus, lncRNA targeting strategies must prevent the whole transcript 
from being made [ 97 ]. 

 The fi rst strategy to knock out the lncRNAs requires the deletion of the complete 
gene sequence which relies on homologous recombination and can be used to 
generate constitutive or conditional knockout animals. The lncRNA MALAT1 
knockout mice were constitutively generated by this method [ 98 ]. 

 The second strategy to knock out the lncRNAs replaces the lncRNA sequence 
with a reporter gene (monoallelic or biallelic), e.g., LacZ. If the endogenous lncRNA 
promoter is kept intact during the replacement, it can drive reporter gene expression 
to reveal lncRNA expression patterns in vivo. A large-scale knockout project to 
investigate the phenotypes of 18 lncRNA knockouts in mice has used this method 
[ 99 ]. 

 The third strategy for the lncRNA KO is to remove the endogenous promoter. 
The deletion can be small (only a few hundred base pairs) and might only minimally 
perturb the genomic locus (in contrast to the deletion of the complete gene) [ 97 ]. 
However, many protein-coding and noncoding genes have alternative promoters 
and hence will retain expression of one or more isoforms, if only one promoter is 
targeted. Moreover, promoter deletions may affect both lncRNA and protein-coding 
genes in close proximity that share the promoter sequence. 

 The fourth strategy for targeting lncRNAs is the integration of strong transcrip-
tional stop signals at the very 5′ end of the noncoding transcript. The integration of 
polyadenylation (poly A) signals at the beginning of the transcript causes premature 
cleavage and polyadenylation of the lncRNA and fi nally its degradation [ 97 ]. This 
approach can yield strong, but also incomplete, lncRNA depletion, depending on 
the lncRNA abundance. 

 A novel strategy to target lncRNAs is the use of CRISPR/Cas9 system for 
engineering large genomic deletions of lncRNAs. The CRISPR/Cas9 system is an 
effi cient genome-editing tool for deletion of protein-coding genes. However, 
conventional gene targeting by homologous recombination is not effi cient for the 
generation of large fragment deletions. Han et al. have used the CRISPR/Cas9 
system and paired sgRNAs to generate large fragment deletions of up to 23 kb of the 
maternally expressed lncRNA gene, Rian, in mice, and demonstrated that the 
deletions are precise and heritable. They used the CRISPR/Cas9 system with two 
sgRNAs, N-sgRNA1 and C-sgRNA1, to induce a 23 kb deletion in the Rian gene, 
and found targeting effi ciency could increase with more sgRNAs [ 45 ]. Although 
there are challenges in using the CRISPR/Cas9 system to delete lncRNA in vivo, 
future development of this technology will largely contribute to generating better 
animal models for lncRNA research.   
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3.11.2     Tumor Xenografts 

 Given that not every human lncRNA has the orthologous mouse counterpart, it is 
important to use the human tumor xenograft models to study the in vivo function of 
cancer-related lncRNA. First the expression of lncRNAs is manipulated by 
overexpression or knockdown in cancer cells. Then the cancer cells with stable 
expression of lncRNA or shRNA are injected into athymic nude mice, severe 
combined immunodefi ciency (SCID) mice, or nonobese diabetic (NOD)/SCID 
mice, under the skin or into the organ type in which the tumor originated or from the 
tail vein. Depending on the number of cells injected, the tumor will develop over 
1–8 weeks (or in some instances 1–4 months or longer). One can observe the tumor 
formation by measuring the tumor volume and weight and examine metastasis after 
euthanizing the animal. 

 Many investigators have used human tumor xenografts to evaluate the lncRNA 
function in tumor growth and metastasis. To quantify metastatic potential of HOX 
transcript antisense RNA (HOTAIR) in vivo, Gupta et al. have performed tail vein 
xenografts and compared the rates of lung colonization. HOTAIR expression 
allowed SK-BR3 cells to colonize the lung in 80 % of animals, whereas vector 
expression in the nonmetastatic cell line SK-BR3 never showed lung colonization 
[ 100 ]. NF-κB interacting long noncoding RNA (NKILA) increased apoptosis and 
reduced migration in breast cancer cells. To further study the function of NKILA 
in vivo, Liu et al. have overexpressed or knocked down NKILA expression in breast 
cancer cells. They found ectopic NKILA expression in MBA-MD-231-inhibited 
cancer metastasis to the lungs, liver, and lymph nodes and prolonged mice survival, 
whereas silencing NKILA in MCF7 signifi cantly promoted cancer metastasis and 
reduced mice survival [ 101 ].   

3.12     Conclusion 

 In summary, both the human tumor xenograft and the GEM models are useful for 
enhancing our understanding of lncRNA function in cancer development. Each has 
its strengths and limitations, with the GEM model being best for examining the role 
of specifi c lncRNAs in tumor development and progression and the human tumor 
xenograft being irreplaceable for human lncRNA that does not have mouse ortholog. 
In the future, these models may be used not only for determining the consequences 
of alterations in individual lncRNA but also for determining the mechanisms of 
cooperation between multiple genes in tumorigenesis and for evaluating novel 
approaches that may target specifi c lncRNA or pathways for cancer therapeutics.     

M.-L. Luo



103

   References 

    1.    Quek XC, Thomson DW, Maag J-LV, et al. LncRNAdb v2.0: expanding the reference data-
base for functional long non-coding RNAs. Nucleic Acids Res. 2015;43(Database 
issue):D168–73.  

    2.    Bu D, Yu KT, Sun SL, et al. NONCODE v3.0: integrative annotation of long non-coding 
RNAs. Nucleic Acids Res. 2012;40(Database issue):D210–5.  

    3.    Volders PJ, Verheggen K, Menschaert G, et al. An update on LNCipedia: a database for anno-
tated human lncRNA sequences. Nucleic Acids Res. 2015;43(Database issue):D174–80.  

    4.    RNAcentral Consortium. RNAcentral: an international database of ncRNA sequences. 
Nucleic Acids Res. 2015;43(Database issue):D123–9.  

    5.    Fatica A, Bozzoni I. Long non-coding RNAs: new players in cell differentiation and develop-
ment. Nat Rev Genet. 2014;15(1):7–21.  

    6.    Derrien T, Johnson R, Bussotti G, et al. The GENCODE v7 catalog of human long non- 
coding RNAs: analysis of their gene structure, evolution, and expression. Genome Res. 
2012;22(9):1775–89.  

    7.    Marguerat S, Bahler J. RNA-seq: from technology to biology. Cell Mol Life Sci. 
2010;67(4):569–79.  

   8.    Ozsolak F, Milos PM. RNA sequencing: advances, challenges and opportunities. Nat Rev 
Genet. 2011;12(2):87–98.  

    9.    Wang Z, Gerstein M, Snyder M. RNA-seq: a revolutionary tool for transcriptomics. Nat Rev 
Genet. 2009;10(1):57–63.  

      10.    Atkinson SR, Marguerat S, Bahler J. Exploring long non-coding RNAs through sequencing. 
Semin Cell Dev Biol. 2012;23(2):200–5.  

    11.    Heyer EE, Ozadam H, Ricci EP, et al. An optimized kit-free method for making strand- 
specifi c deep sequencing libraries from RNA fragments. Nucleic Acids Res. 2015;43(1):e2.  

    12.    Mili S, Steitz JA. Evidence for reassociation of RNA-binding proteins after cell lysis: impli-
cations for the interpretation of immunoprecipitation analyses. RNA. 2004;10(11):1692–4.  

    13.    Zhao J, Ohsumi TK, Kung JT, et al. Genome-wide identifi cation of polycomb-associated 
RNAs by RIP-seq. Mol Cell. 2010;40(6):939–53.  

     14.    Zhang C, Darnell RB. Mapping in vivo protein-RNA interactions at single-nucleotide resolu-
tion from HITS-CLIP data. Nat Biotechnol. 2011;29(7):607–14.  

    15.    Olivarius S, Plessy C, Carninci P. High-throughput verifi cation of transcriptional starting 
sites by Deep-RACE. Biotechniques. 2009;46(2):130–2.  

    16.    Pastori C, Peschansky VJ, Barbouth D, et al. Comprehensive analysis of the transcriptional 
landscape of the human FMR1 gene reveals two new long non-coding RNAs differentially 
expressed in Fragile X syndrome and Fragile X-associated tremor/ataxia syndrome. Hum 
Genet. 2014;133(1):59–67.  

    17.    Wheeler DL, Church DM, Federhen S, et al. Database resources of the National Center for 
Biotechnology. Nucleic Acids Res. 2003;31(1):28–33.  

     18.    Lin MF, Jungreis I, Kellis M. PhyloCSF: a comparative genomics method to distinguish 
protein coding and non-coding regions. Bioinformatics. 2011;27(13):i275–82.  

     19.    Kong L, Zhang Y, Ye ZQ, et al. CPC: assess the protein-coding potential of transcripts using 
sequence features and support vector machine. Nucleic Acids Res. 2007;35(Web Server 
issue):W345–9.  

     20.    Wang L, Park HJ, Dasari S, et al. CPAT: Coding-Potential Assessment Tool using an align-
ment-free logistic regression model. Nucleic Acids Res. 2013;41(6):e74.  

     21.    Sun L, Luo H, Bu D, et al. Utilizing sequence intrinsic composition to classify protein-coding 
and long non-coding transcripts. Nucleic Acids Res. 2013;41(17):e166.  

     22.    Ingolia NT. Ribosome profi ling: new views of translation, from single codons to genome 
scale. Nat Rev Genet. 2014;15(3):205–13.  

    23.    Ingolia NT, Ghaemmaghami S, Newman JR, et al. Genome-wide analysis in vivo of transla-
tion with nucleotide resolution using ribosome profi ling. Science. 2009;324(5924):218–23.  

3 Methods to Study Long Noncoding RNA Biology in Cancer



104

    24.    Ingolia NT, Lareau LF, Weissman JS. Ribosome profi ling of mouse embryonic stem cells 
reveals the complexity and dynamics of mammalian proteomes. Cell. 2011;147(4):789–802.  

     25.    Guttman M, Russell P, Ingolia NT, et al. Ribosome profi ling provides evidence that large 
non-coding RNAs do not encode proteins. Cell. 2013;154(1):240–51.  

    26.    Zhang K, Shi ZM, Chang YN, et al. The ways of action of long non-coding RNAs in cyto-
plasm and nucleus. Gene. 2014;547(1):1–9.  

     27.    Cabili MN, Dunagin MC, McClanahan PD, et al. Localization and abundance analysis of 
human lncRNAs at single-cell and single-molecule resolution. Genome Biol. 2015;16:20.  

     28.    Pinaud R, Mello CV, Velho TA, et al. Detection of two mRNA species at single-cell resolution 
by double-fl uorescence in situ hybridization. Nat Protoc. 2008;3(8):1370–9.  

    29.    Dunagin M, Cabili MN, Rinn J, et al. Visualization of lncRNA by single-molecule fl uores-
cence in situ hybridization. Methods Mol Biol. 2015;1262:3–19.  

    30.    Streit S, Michalski CW, Erkan M, et al. Northern blot analysis for detection and quantifi ca-
tion of RNA in pancreatic cancer cells and tissues. Nat Protoc. 2009;4(1):37–43.  

    31.    Nolan T, Hands RE, Bustin SA. Quantifi cation of mRNA using real-time RT-PCR. Nat 
Protoc. 2006;1(3):1559–82.  

    32.    Schmittgen TD, Livak KJ. Analyzing real-time PCR data by the comparative C(T) method. 
Nat Protoc. 2008;3(6):1101–8.  

    33.    Rosner M, Siegel I, Fuchs C, et al. Effi cient siRNA-mediated prolonged gene silencing in 
human amniotic fl uid stem cells. Nat Protoc. 2010;5(6):1081–95.  

   34.    Schaniel C, Li F, Schafer XL, et al. Delivery of short hairpin RNAs – triggers of gene 
silencing – into mouse embryonic stem cells. Nat Methods. 2006;3(5):397–400.  

    35.    Moore CB, Guthrie EH, Huang MT, et al. Short hairpin RNA (shRNA): design, delivery, and 
assessment of gene knockdown. Methods Mol Biol. 2010;629:141–58.  

    36.    Teplova M, et al. Crystal structure and improved antisense properties of 2′-O-(2- 
methoxyethyl)-RNA. Nat Struct Biol. 1999;6(6):535–9.  

     37.    Obernosterer G, Martinez J, Alenius M. Locked nucleic acid-based in situ detection of 
microRNAs in mouse tissue sections. Nat Protoc. 2007;2(6):1508–14.  

    38.    Grunweller A, Hartmann RK. Locked nucleic acid oligonucleotides: the next generation of 
antisense agents? BioDrugs. 2007;21(4):235–43.  

    39.    Lennox KA, Behlke MA. Cellular localization of long non-coding RNAs affects silencing by 
RNAi more than by antisense oligonucleotides. Nucleic Acids Res. 2016;44(2):863–77. 
doi:  10.1093/nar/gkv1206    .  

    40.    Boettcher M, McManus MT. Choosing the right tool for the job: RNAi, TALEN, or 
CRISPR. Mol Cell. 2015;58(4):575–85.  

    41.    Cong L, Ran FA, Cox D, et al. Multiplex genome engineering using CRISPR/Cas systems. 
Science. 2013;339(6121):819–23.  

    42.    Mali P, Esvelt KM, Church GM. Cas9 as a versatile tool for engineering biology. Nat 
Methods. 2013;10(10):957–63.  

    43.    Esvelt KM, Smidler AL, Catteruccia F, et al. Concerning RNA-guided gene drives for the 
alteration of wild populations. Elife. 2014;3(1), e03401. doi:  10.7554/eLife.03401    .  

    44.    Ho TT, Zhou N, Huang J, et al. Targeting non-coding RNAs with the CRISPR/Cas9 system 
in human cell lines. Nucleic Acids Res. 2015;43(3):e17.  

     45.    Han J, Zhang J, Chen L, et al. Effi cient in vivo deletion of a large imprinted lncRNA by 
CRISPR/Cas9. RNA Biol. 2014;11(7):829–35.  

    46.    Maeder ML, Linder SJ, Reyon D, et al. Robust, synergistic regulation of human gene expres-
sion using TALE activators. Nat Methods. 2013;10(3):243–5.  

    47.    Perez-Pinera P, Ousterout DG, Brunger JM, et al. Synergistic and tunable human gene activa-
tion by combinations of synthetic transcription factors. Nat Methods. 2013;10(3):239–42.  

    48.    Konermann S, Brigham MD, Trevino AE, et al. Genome-scale transcriptional activation by 
an engineered CRISPR-Cas9 complex. Nature. 2015;517(7536):583–8.  

     49.    Chu C, Qu K, Zhong FL, et al. Genomic maps of long non-coding RNA occupancy reveal 
principles of RNA-chromatin interactions. Mol Cell. 2011;44(4):667–78.  

M.-L. Luo

http://dx.doi.org/10.1093/nar/gkv1206
http://dx.doi.org/10.7554/eLife.03401


105

    50.    Chu C, Quinn J, Chang HY. Chromatin isolation by RNA purifi cation (ChIRP). J Vis Exp. 
2012;61:3912. doi:  10.3791/3912    .  

    51.    Davis CP, West JA. Purifi cation of specifi c chromatin regions using oligonucleotides: capture 
hybridization analysis of RNA targets (CHART). Methods Mol Biol. 2015;1262:167–82.  

    52.   Simon MD. Capture hybridization analysis of RNA targets (CHART). Curr Protoc Mol Biol. 
2013; Chapter 21:Unit 21 25. doi:  10.1002/0471142727.mb2125s101    .  

    53.    Engreitz JM, Pandya-Jones A, McDonel P, et al. The Xist lncRNA exploits three-dimensional 
genome architecture to spread across the X chromosome. Science. 2013;341(6147):1237973.  

     54.    Engreitz J, Lander ES, Guttman M. RNA antisense purifi cation (RAP) for mapping RNA 
interactions with chromatin. Methods Mol Biol. 2015;1262:183–97.  

    55.    Chu C, Spitale RC, Chang HY. Technologies to probe functions and mechanisms of long non- 
coding RNAs. Nat Struct Mol Biol. 2015;22(1):29–35.  

    56.    Michlewski G, Caceres JF. RNase-assisted RNA chromatography. RNA. 
2010;16(8):1673–8.  

     57.    Chu C, Zhang QC, da Rocha ST, et al. Systematic discovery of Xist RNA binding proteins. 
Cell. 2015;161(2):404–16.  

    58.    McHugh CA, Chen CK, Chow A, et al. The Xist lncRNA interacts directly with SHARP to 
silence transcription through HDAC3. Nature. 2015;521(7551):232–6.  

    59.    Bantscheff M, Schirle M, Sweetman G, et al. Quantitative mass spectrometry in proteomics: 
a critical review. Anal Bioanal Chem. 2007;389(4):1017–31.  

     60.    McHugh CA, Russell P, Guttman M. Methods for comprehensive experimental identifi cation 
of RNA-protein interactions. Genome Biol. 2014;15(1):203.  

     61.    Huarte M, Guttman M, Feldser D, et al. A large intergenic non-coding RNA induced by p53 
mediates global gene repression in the p53 response. Cell. 2010;142(3):409–19.  

    62.   Bonifacino JS, Dell’Angelica ED, Springer TA. Immunoprecipitation. Curr Protoc Neurosci. 
2006; Chapter 5:Unit 5 24.  

    63.    Garner MM, Revzin A. A gel electrophoresis method for quantifying the binding of proteins 
to specifi c DNA regions: application to components of the Escherichia coli lactose operon 
regulatory system. Nucleic Acids Res. 1981;9(13):3047–60.  

    64.    Fried M, Crothers DM. Equilibria and kinetics of lac repressor-operator interactions by poly-
acrylamide gel electrophoresis. Nucleic Acids Res. 1981;9(23):6505–25.  

    65.    Wang K, Gao Y, Peng X, et al. Using FAM labeled DNA oligos to do RNA electrophoretic 
mobility shift assay. Mol Biol Rep. 2010;37(6):2871–5.  

    66.    Zimmerman SG, Peters NC, Altaras AE, et al. Optimized RNA ISH, RNA FISH and protein- 
RNA double labeling (IF/FISH) in Drosophila ovaries. Nat Protoc. 2013;8(11):2158–79.  

    67.    Chaumeil J, Augui S, Chow JC, et al. Combined immunofl uorescence, RNA fl uorescent in 
situ hybridization, and DNA fl uorescent in situ hybridization to study chromatin changes, 
transcriptional activity, nuclear organization, and X-chromosome inactivation. Methods Mol 
Biol. 2008;463:297–308.  

    68.    Turner DH, Sugimoto N, Freier SM. RNA structure prediction. Annu Rev Biophys Biophys 
Chem. 1988;17:167–92.  

    69.    Zwieb C. The principles of RNA structure architecture. Methods Mol Biol. 
2014;1097:33–43.  

    70.    Giese MR, Betschart K, Dale T, et al. Stability of RNA hairpins closed by wobble base pairs. 
Biochemistry. 1998;37(4):1094–100.  

      71.    Spitale RC, Flynn RA, Torre EA, et al. RNA structural analysis by evolving SHAPE chemis-
try. Wiley Interdiscip Rev RNA. 2014;5(6):867–81.  

     72.    Zuker M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic 
Acids Res. 2003;31(13):3406–15.  

    73.    Denman RB. Using RNAFOLD to predict the activity of small catalytic RNAs. Biotechniques. 
1993;15(6):1090–5.  

    74.    Mathews DH. Using an RNA secondary structure partition function to determine confi dence 
in base pairs predicted by free energy minimization. RNA. 2004;10(8):1178–90.  

3 Methods to Study Long Noncoding RNA Biology in Cancer

http://dx.doi.org/10.3791/3912
http://dx.doi.org/10.1002/0471142727.mb2125s101


106

    75.    Fourmy D, Yoshizawa S. Protein-RNA footprinting: an evolving tool. Wiley Interdiscip Rev 
RNA. 2012;3(4):557–66.  

    76.    Peng Y, Soper TJ, Woodson SA. RNase footprinting of protein binding sites on an mRNA 
target of small RNAs. Methods Mol Biol. 2012;905:213–24.  

     77.    Weeks KM. Advances in RNA structure analysis by chemical probing. Curr Opin Struct Biol. 
2010;20(3):295–304.  

     78.    Kertesz M, Wan Y, Mazor E, et al. Genome-wide measurement of RNA secondary structure 
in yeast. Nature. 2010;467(7311):103–7.  

     79.    Wan Y, Qu K, Ouyang Z, et al. Genome-wide mapping of RNA structure using nuclease 
digestion and high-throughput sequencing. Nat Protoc. 2013;8(5):849–69.  

     80.    Martin L, Meier M, Lyons SM, et al. Systematic reconstruction of RNA functional motifs 
with high-throughput microfl uidics. Nat Methods. 2012;9(12):1192–4.  

    81.    Rockel S, Geertz M, Maerkl SJ. MITOMI: a microfl uidic platform for in vitro characteriza-
tion of transcription factor-DNA interaction. Methods Mol Biol. 2012;786:97–114.  

      82.    Quinn JJ, Ilik IA, Qu K, et al. Revealing long non-coding RNA architecture and functions 
using domain-specifi c chromatin isolation by RNA purifi cation. Nat Biotechnol. 
2014;32(9):933–40.  

    83.    Quinn JJ, Chang HY. In situ dissection of RNA functional subunits by domain-specifi c chro-
matin isolation by RNA purifi cation (dChIRP). Methods Mol Biol. 2015;1262:
199–213.  

    84.   Carey MF, Peterson CL, Smale ST. The RNase protection assay. Cold Spring Harb Protoc. 
2013;2013(3). doi:  10.1101/pdb.prot071910    .  

    85.    Gunzl A, Palfi  Z, Bindereif A. Analysis of RNA-protein complexes by oligonucleotide- 
targeted RNase H digestion. Methods. 2002;26(2):162–9.  

    86.    Kvaratskhelia M, Miller JT, Budihas SR, et al. Identifi cation of specifi c HIV-1 reverse tran-
scriptase contacts to the viral RNA: tRNA complex by mass spectrometry and a primary 
amine selective reagent. Proc Natl Acad Sci U S A. 2002;99(25):15988–93.  

    87.    Kvaratskhelia M, Grice SF. Structural analysis of protein-RNA interactions with mass spec-
trometry. Methods Mol Biol. 2008;488:213–9.  

    88.    Mendoza VL, Vachet RW. Probing protein structure by amino acid-specifi c covalent labeling 
and mass spectrometry. Mass Spectrom Rev. 2009;28(5):785–815.  

     89.    Li Y, Tollefsbol TO. DNA methylation detection: bisulfi te genomic sequencing analysis. 
Methods Mol Biol. 2011;791:11–21.  

    90.    Frommer M, McDonald LE, Millar DS, et al. A genomic sequencing protocol that yields a 
positive display of 5-methylcytosine residues in individual DNA strands. Proc Natl Acad Sci 
U S A. 1992;89(5):1827–31.  

    91.    Furey TS. ChIP-seq and beyond: new and improved methodologies to detect and characterize 
protein-DNA interactions. Nat Rev Genet. 2012;13(12):840–52.  

    92.    Bhan A, Mandal SS. Estradiol-induced transcriptional regulation of long non-coding RNA, 
HOTAIR. Methods Mol Biol. 2016;1366:395–412.  

     93.    Evertts AG, Zee BM, Garcia BA. Modern approaches for investigating epigenetic signaling 
pathways. J Appl Physiol (1985). 2010;109(3):927–33.  

    94.    Doyle A, McGarry MP, Lee NA, et al. The construction of transgenic and gene knockout/
knockin mouse models of human disease. Transgenic Res. 2012;21(2):327–49.  

    95.    Guo G, Kang Q, Zhu X, et al. A long non-coding RNA critically regulates Bcr-Abl-mediated 
cellular transformation by acting as a competitive endogenous RNA. Oncogene. 2015;34(14):
768–79.  

    96.    Gomez JA, Wapinski OL, Yang YW, et al. The NeST long ncRNA controls microbial suscep-
tibility and epigenetic activation of the interferon-gamma locus. Cell. 2013;152(4):743–54.  

      97.    Bassett AR, Akhtar A, Barlow DP, et al. Considerations when investigating lncRNA function 
in vivo. Elife. 2014;3:e03058.  

    98.    Eissmann M, Gutschner T, Hämmerle M, et al. Loss of the abundant nuclear non-coding 
RNA MALAT1 is compatible with life and development. RNA Biol. 2012;9(8):1076–87.  

M.-L. Luo

http://dx.doi.org/10.1101/pdb.prot071910


107

    99.    Sauvageau M, Goff LA, Lodato S, et al. Multiple knockout mouse models reveal lincRNAs 
are required for life and brain development. Elife. 2013;2:e01749.  

    100.    Gupta RA, Shah N, Wang KC, et al. Long non-coding RNA HOTAIR reprograms chromatin 
state to promote cancer metastasis. Nature. 2010;464(7291):1071–6.  

    101.    Liu B, Sun L, Liu Q, et al. A cytoplasmic NF-kappaB interacting long non-coding RNA 
blocks IkappaB phosphorylation and suppresses breast cancer metastasis. Cancer Cell. 
2015;27(3):370–81.    

3 Methods to Study Long Noncoding RNA Biology in Cancer



109© Springer Science+Business Media Singapore 2016 
E. Song (ed.), The Long and Short Non-coding RNAs in Cancer Biology, 
Advances in Experimental Medicine and Biology 927, 
DOI 10.1007/978-981-10-1498-7_4

    Chapter 4   
 Relationship Between Noncoding RNA 
Dysregulation and Epigenetic Mechanisms 
in Cancer                     
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and     Masahiro     Kai   

    Abstract     Epigenetic alterations, including aberrant DNA methylation and histone 
modifi cation, play key roles in the dysregulation of tumor-related genes, thereby 
affecting numerous cellular processes, including cell proliferation, cell adhesion, 
apoptosis, and metastasis. In recent years, studies have demonstrated that short and 
long noncoding RNAs (ncRNAs) are key players in the initiation and progression of 
cancer, and epigenetic mechanisms are deeply involved in their dysregulation. 
Indeed, the growing list of microRNA (miRNA) genes aberrantly methylated in 
cancer suggests that a large number of miRNAs act as tumor suppressors or 
oncogenes. In addition, emerging evidence suggests that dysregulation of long 
ncRNAs (lncRNAs) plays critical roles in tumorigenesis. And because ncRNAs are 
involved in regulating gene expression through interaction with epigenetic modifi ers, 
their dysregulation appears causally related to epigenetic alterations in cancer. 
Dissection of the interrelationships between ncRNAs and epigenetic alterations has 
the potential to reveal novel approaches to the diagnosis and treatment of cancer.  
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4.1       Introduction 

 Advances in genome analysis have revealed that a much larger portion of the human 
genome is transcribed into RNA than previously recognized. Evidence emerging in 
recent years has highlighted the biological and pathological importance of RNA 
molecules that lack protein-coding potential, which are collectively referred to as 
noncoding RNAs (ncRNAs) [ 1 ]. Generally, ncRNAs are classifi ed into two 
categories, small (<200 nt) and large (>200 nt), though there are many subclasses of 
ncRNAs within these categories. Among them, microRNAs (miRNAs) are the most 
intensively studied small ncRNAs in cancer. 

 miRNAs are endogenous, small (~22 nt) ncRNAs that function at the 
posttranscriptional level as negative regulators of gene expression [ 1 ,  2 ]. Annotation 
of their genomic locations suggests many miRNA genes are located within intergenic 
regions, though they are also found within both exons and introns in either the sense 
or antisense orientation. Like genes encoding proteins, miRNA genes are mainly 
transcribed by RNA polymerase II. They are initially transcribed as large RNA 
precursors called pri-miRNAs, which are processed within the nucleus by Drosha, 
a ribonuclease III enzyme, in collaboration with Pasha (also known as DGCR8). 
Evidence from numerous studies indicates that subsets of miRNAs act as tumor 
suppressor genes or oncogenes, and their dysregulation is a common feature of 
human cancers [ 1 – 3 ]. More specifi cally, expression of miRNAs is generally 
downregulated in tumor tissues, as compared to the corresponding normal tissues, 
which suggests many miRNAs may act as tumor suppressors. Although the 
mechanism underlying the altered miRNA expression in cancer is not yet fully 
understood, recent studies have shown that epigenetic mechanisms play important 
roles in the regulation of miRNA expression. 

 Epigenetic gene silencing associated with promoter CpG island hypermethylation 
is a common mechanism by which tumor suppressor genes are inactivated during 
tumorigenesis (see Fig.  4.1 ). It is now apparent that many miRNA genes are also 
targets of methylation-associated silencing in cancer, and the list of miRNAs 
silenced by methylation in cancer is rapidly growing (see Table  4.1 ) [ 74 ,  75 ]. 
Epigenetic gene regulation is also tightly linked to histone modifi cation. For 
instance, promoters of transcriptionally active miRNA genes are characterized by 
active histone marks, such as acetylated histone H3 and trimethylated histone H3 
lysine 4 (H3K4me3), while those of silenced genes are marked by repressive 
modifi cations, including dimethylated histone H3 lysine 9 (H3K9me2), trimethylated 
histone H3 lysine 9 (H3K9me3), and trimethylated histone H3 lysine 27 (H3K27me3) 
(see Fig.  4.1 ) [ 75 ,  76 ]. What’s more, recent evidence indicates that miRNAs can 
modulate epigenetic regulation by targeting epigenetic modifi ers and that miRNA 
dysregulation leads to aberrant DNA methylation or histone modifi cation in a subset 
of tumors.

    Long ncRNAs (lncRNAs) are broadly defi ned as transcribed RNA molecules 
greater than 200 nt in length and lacking an open reading frame of signifi cant length 
(less than 100 amino acids) [ 77 ,  78 ]. Although there are no specifi c defi nitions, 
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lncRNAs can be categorized into several subgroups based on their locations and 
characteristics. For instance, antisense RNAs are transcribed from the opposite 
strand of a protein-coding gene, while lncRNAs transcribed from intergenic regions 
are referred to as large intergenic ncRNAs (lincRNAs) [ 36 ]. Although the specifi c 
functions of the majority of lncRNAs remain unknown, recent studies have begun 
to shed light on the critical roles played by these molecules in a variety of cellular 
processes, including differentiation, development, and tumorigenesis. 
Overexpression or repression of several lncRNAs in cancer is reportedly mediated 
by aberrant DNA methylation or histone modifi cation. Notably, recent studies have 
revealed that a subset of lncRNAs act as guides or scaffolds for epigenetic modifi ers 
and recruit them to specifi c genomic loci. Thus, aberrant expression of such 
lncRNAs could contribute to tumorigenesis by inducing aberrant epigenetic gene 
regulation. In this section, we will review the interrelationships between ncRNA 
dysregulation and epigenetic alterations in cancer and highlight their biological and 
clinical implications.  
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  Fig. 4.1    Epigenetic regulation of gene transcription       
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   Table 4.1    miRNAs silenced by DNA hypermethylation in cancer   

 Gene  Tumor type  Target gene  References 

 miR-1-1  Liver, colon  FOXP1, MET, HDAC4, 
ANXA2, BDNF 

 [ 4 ,  5 ] 

 miR-9 
family 

 Multiple types  FGFR1, CDK6, CDX2, 
CDH1 

 [ 6 – 14 ] 

 miR-10b  Stomach  MAPRE1  [ 15 ] 
 miR-31  Prostate, breast  AR  [ 16 ,  17 ] 
 miR-34 
family 

 Multiple types  MET, CDK4, CCNE2, MYC, 
CDK6, E2F3, NOTCH4 

 [ 6 ,  18 – 28 ] 

 miR-124 
family 

 Multiple types  CDK6, VIM, SMYD3, E2F6, 
IQGAP1, IGFBP7 

 [ 7 ,  19 ,  29 – 34 ] 

 miR-125b  Breast  ETS1  [ 35 ] 
 miR-127  Prostate, bladder, colon  BCL6  [ 36 ] 
 miR-129-2  Endometrium, colon, 

esophagus, stomach, liver 
 SOX4  [ 9 ,  24 ,  37 – 39 ] 

 miR-132  Pancreas, prostate  TALIN2  [ 40 ,  41 ] 
 miR-137  Head and neck, stomach, colon, 

breast 
 CDK6, CDC42, LSD1  [ 9 ,  42 ] 

 miR-143  Leukemia  MLL-AF4  [ 43 ] 
 miR-145  Prostate, lung  MYC, FSCN1, EGFR, 

MUC1 
 [ 44 – 46 ] 

 miR-148a  Colon, head and neck, lung, 
breast, pancreas, brain 

 TGIF2  [ 6 ,  47 ] 

 miR-152  Endometrium, bladder, lung  DNMT1, E2F3, MET, 
RICTOR 

 [ 7 ,  48 ] 

 miR-181c  Stomach  NOTCH4, KRAS  [ 49 ] 
 miR-193a  Liver, leukemia, bladder  SRSF2, KIT  [ 50 – 52 ] 
 miR-200 
family 

 Colon, breast, bladder, lung, 
head and neck 

 ZEB1, ZEB2  [ 42 ,  53 – 58 ] 

 miR-203  Liver, leukemia, myeloma, 
MALToma, cervix 

 ABL1, ABCE1, CDK6  [ 32 ,  34 ,  59 – 61 ] 

 miR-205  Bladder, lung  ZEB1, ZEB2  [ 56 ,  58 ] 
 miR-218  Head and neck  RICTOR  [ 62 ] 
 miR-219-2  Stomach  [ 63 ] 
 miR-335  Breast  SOX4, TNC  [ 64 ] 
 miR-345  Colon  BAG3  [ 65 ] 
 miR-375  Esophagus, head and neck, 

melanoma, cervix 
 IGF1R, PDK1  [ 34 ,  42 ,  66 – 68 ] 

 miR-487b  Lung  SUZ12, BMI1, WNT5A, 
MYC, KRAS 

 [ 69 ] 

 miR-512  Stomach  MCL1  [ 70 ] 
 miR-708  Leukemia  IKBKB  [ 71 ] 
 miR-941  Colon, liver  KDM6B  [ 72 ,  73 ] 
 miR-1237  Colon  [ 72 ] 
 miR-1247  Colon  [ 72 ] 
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4.2     Identifi cation of Epigenetically Dysregulated miRNAs 

 The fi rst evidence of an epigenetic mechanism involved in silencing miRNA genes 
in cancer came from a pharmacological unmasking experiment. Using miRNA 
microarray assays, Saito et al. have analyzed the expression profi les of miRNAs in 
T24 bladder cancer cells treated with or without the DNA methyltransferase 
(DNMT) inhibitor 5-aza-2’-deoxycytidine and the histone deacetylase (HDAC) 
inhibitor 4-phenylbutyric acid [ 29 ]. The drug treatment led to upregulation of 
several miRNAs, including miR-127, which were encoded within the CpG island. 
Upregulation of miR-127 was associated with DNA demethylation as well as 
increases in acetylated histone H3 and H3K4me3, suggesting that miR-127 is 
epigenetically silenced in cancer cells. Experimental evidence also confi rmed that 
the proto-oncogene BCL6 is a target of miR-127, indicating the miRNA can act as 
a tumor suppressor [ 29 ]. Thereafter, comparisons of miRNA expression profi les 
between the HCT116 colorectal cancer (CRC) cell line and the same cell line in 
which both DNMT1 and DNMT3B were genetically disrupted revealed the 
epigenetic silencing of miR-124 family genes and miR-34b/c in CRC [ 18 ,  79 ]. 
Since then, similar screenings have identifi ed a number of other methylated miRNA 
genes in various human malignancies [ 6 ,  49 ,  70 ,  80 ,  81 ]. 

 In addition to pharmacological or genetic unmasking experiments, genome-wide 
DNA methylation analysis has also been used to identify epigenetically silenced 
miRNA genes. For example, through a combination of methylated CpG island 
amplifi cation (MCA) and CpG island microarray analysis, methylation of the miR- 
9- 1 gene was detected in pancreatic cancer [ 15 ]. In addition, microarray analysis 
using the Infi nium BeadChip revealed miR-10b methylation in gastric cancer (GC) 
[ 72 ]. Yan et al. have performed a deep sequencing of methylated DNA-binding 
domain (MBD)-isolated DNA in CRC cells and identifi ed several methylated 
miRNA genes, including miR-941, miR-1237, and miR-1247 [ 82 ]. 

 A number of miRNA genes epigenetically silenced in cancer have been detected 
using genome-wide histone modifi cation analyses. The combination of chromatin 
immunoprecipitation (ChIP)-on-chip and miRNA microarray analyses with prostate 
cancer cells revealed that miRNA gene expression correlates positively with 
H3K4me3 and inversely with H3K27me3 at their promoter regions [ 19 ]. Analysis 
of histone modifi cation in acute lymphoblastic leukemia (ALL) using ChIP-on-chip 
revealed that the CpG islands of 13 miRNA genes are associated with high levels of 
H3K9me2 and low levels of H3K4me3, suggesting these miRNAs are epigenetically 
silenced in ALL [ 83 ]. Subsequent analysis confi rmed the hypermethylation of the 
CpG islands of selected miRNA genes, including miR-9 family, miR-34 family, and 
miR-124 family genes. Identifi cation of epigenetically dysregulated miRNA genes 
in cancer is sometimes impeded by the limited annotation of the primary transcripts 
of miRNA genes, but earlier studies showed that H3K4me3 could be a useful mark 
with which to identify the active promoter regions of miRNA genes [ 83 ,  84 ]. Using 
ChIP-seq experiments with CRC cells, we assessed genome-wide histone 
modifi cation and identifi ed the putative promoter regions for 174 primary miRNA 
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genes, among which 37 were predicted targets of epigenetic silencing [ 4 ]. Similarly, 
integrative analysis of genome-wide DNA methylation and histone modifi cation in 
chronic lymphocytic leukemia (CLL) revealed 128 miRNA genes with aberrant 
DNA methylation at their promoters [ 85 ]. Interestingly, among these genes, 38 
exhibited hypermethylation while 90 showed hypomethylation, which is indicative 
of epigenetically silenced and activated miRNAs, respectively. Consistent with 
these fi ndings, the hypermethylated regions included a number of well-documented 
epigenetically silenced miRNA genes, including miR-9-2, miR-124-2, and miR- 
129- 2, while the hypomethylation was associated with the upregulation of oncogenic 
miRNAs (oncomirs), including miR-21 and miR-155 [ 85 ]. 

 Epigenetic silencing of several tumor-suppressive miRNAs was discovered 
through functional screening. For instance, assessment of the antiproliferative 
effects of a panel of 327 synthetic miRNAs in oral and endometrial cancer cell lines 
revealed nearly 100 miRNAs that suppressed cancer cell growth [ 48 ,  62 ]. 
Approximately half of those were associated with CpG islands, and subsequent 
analyses identifi ed methylation of miR-218 and miR-152 in oral and endometrial 
cancers, respectively [ 48 ,  62 ].  

4.3     miRNA Dysregulation via DNA Methylation 

4.3.1     miR-124 Family 

 Epigenetic silencing of miR-124 family genes was fi rst identifi ed in CRC cells [ 29 ]. 
MiR-124 is thought to exert tumor suppressor effects by targeting cyclin-dependent 
kinase 6 (CDK6), and epigenetic silencing of miR-124 leads to CDK6 activation 
and Rb phosphorylation [ 29 ,  30 ]. Within the human genome, three independent loci 
(miR-124-1, miR-124-2, and miR-124-3) encode the identical mature miR-124, and 
all of them are associated with CpG islands, which are frequently methylated in 
multiple types of solid tumors, including colorectal, gastric, lung, liver, pancreatic, 
and cervical cancers [ 7 ,  29 ,  31 – 34 ]. Methylation of miR-124 genes is also reported 
in hematological malignancies, including ALL [ 30 ] and non-Hodgkin’s lymphoma 
[ 86 ]. In all, miR-124 methylation is associated with higher recurrence and mortality 
rates and may be an independent prognostic factor for disease-free and overall 
survival [ 30 ]. 

 Methylation of the miR-124 genes is also observed in the gastric mucosa of 
 Helicobacter pylori  ( H. pylori )-positive healthy individuals, which suggests the 
methylation may be induced by the  H. pylori  infection [ 31 ]. Importantly, among  H. 
pylori -negative individuals, miR-124 genes are more highly methylated in the 
noncancerous gastric mucosae of GC patients than in those of healthy individuals, 
indicating that miR-124 methylation may be involved in an epigenetic fi eld defect 
in the stomach [ 31 ]. Methylation of the miR-124 genes is also acquired during 
human papillomavirus-mediated transformation in keratinocytes, suggesting that 
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miR-124 methylation may be a useful marker for detection of cervical cancer and 
high-grade precursor lesions [ 34 ].  

4.3.2     miR-34 Family 

 Members of the miR-34 gene family (miR-34a, miR-34b, and miR-34c) are known 
to be direct targets of p53, and their ectopic expression in cancer cells induces cell 
cycle arrest and apoptosis [ 87 ,  88 ]. Forced expression of miR-34 in cancer cells 
leads to the downregulation of candidate target genes, including MET, CDK4, 
cyclin E2, and MYC [ 6 ,  18 ,  87 ]. Within the human genome, miR-34a is located on 
chromosome 1p36, while miR-34b and miR-34c are co-transcribed from a single 
transcription unit on chromosome 11q23. CpG islands in the promoter regions of 
these genes are targets of aberrant hypermethylation in oral, esophageal, gastric, 
colorectal, pancreatic, breast, lung, and renal cancers; malignant mesothelioma; 
melanoma; and hematological malignancies [ 18 – 27 ,  79 ]. Methylation of miR-34b/c 
has also been linked to cancer metastasis [ 6 ] and invasion [ 28 ]. Similar to miR-124, 
methylation of miR-34b/c in the gastric mucosa is associated with  H. pylori  
infection, and the noncancerous gastric mucosae of patients with multiple GCs 
show higher levels of miR-34b/c methylation than those of patients with a single 
GC, again indicating involvement in an epigenetic fi eld defect [ 21 ]. In addition, 
silencing miR-34c through DNA methylation promotes self-renewal and epithelial–
mesenchymal transition (EMT) in breast tumor-initiating cells [ 89 ]. These fi ndings, 
as well as their contribution to the p53 network, strongly imply that miR-34 family 
members act as tumor suppressors in cancer.  

4.3.3     miR-9 Family 

 Methylation of the promoter CpG island of the miR-9-1 gene was fi rst reported in 
breast and pancreatic cancers [ 8 ,  81 ]. Thereafter, methylation of all miR-9 family 
genes (miR-9-1, miR-9-2, and miR-9-3) was identifi ed through screening for 
methylated miRNA genes in metastatic cancer cell lines [ 6 ]. Consistent with that 
report, methylation of miR-9-1 is associated with lymph node metastasis in CRC 
[ 9 ], and methylation of miR-9-1 and miR-9-3 correlates with metastatic recurrence 
of renal cell carcinoma [ 10 ]. All of the miR-9 family genes are simultaneously 
methylated in GC, and ectopic expression of miR-9 inhibits proliferation, migration, 
and invasion by GC cells [ 11 ]. MiR-9 targets FGFR1 and CDK6 in ALL [ 12 ] and 
CDX2 in GC cells [ 90 ], suggesting it acts as a tumor suppressor. Xenoestrogen, 
which may increase the risk of breast cancer, can induce methylation-associated 
silencing of miR-9-3 in breast epithelial cells, indicating that methylation of this 
gene could be a hallmark of early breast cancer development [ 13 ]. Methylation of 
miR-9-3 is also a frequent event in CLL, and loss of miR-9 expression may be 

4 Relationship Between Noncoding RNA Dysregulation and Epigenetic Mechanisms…



116

associated with activation of the NF-κB pathway [ 14 ]. In contrast to these fi ndings, 
however, another study showed that miR-9 is activated by MYC and MYCN in 
breast cancer and that miR-9 promotes metastasis through downregulation of 
E-cadherin (CDH1) [ 91 ]. These results are indicative of the functional complexity 
of miRNAs in cancer cells and suggest that miRNAs may exert opposite effects in 
different tissues or settings.  

4.3.4     miR-200 Family and miR-205 

 The miR-200 gene family (miR-200a, miR-200b, miR-200c, miR-141, and miR- 
429) and miR-205 encode key regulators of EMT by directly targeting ZEB1 and 
ZEB2, which are transcriptional repressors that downregulate CDH1 [ 92 – 94 ]. 
Within the human genome, the miR-200 family genes are grouped into two polycis-
tronic units, miR-200b/200a/429 and miR-200c/141, located on chromosomes 1 
and 12, respectively [ 53 ]. Expression of miR-200c/141 is inversely associated with 
methylation of the promoter CpG island in both normal and tumor cells [ 95 ]. 
Methylation of miR-200c/141 correlates with the invasiveness of breast cancer 
cells, and induction of EMT through ectopic expression of the transcription factor 
Twist in immortalized human mammary epithelial cells is accompanied by increased 
methylation of miR-200c/141 [ 54 ]. Similarly, in non-small cell lung cancer 
(NSCLC), promoter methylation is associated with loss of miR-200c expression, 
which is in turn associated with poor differentiation, lymph node metastasis, and 
weaker CDH1 expression [ 55 ]. Another study has demonstrated that the CpG 
islands of both units (miR-200b/200a/429 and miR-200c/141) are unmethylated in 
cancer cells with epithelial features, but are methylated and silenced in transformed 
cells with mesenchymal characteristics [ 53 ]. In bladder cancer, both units of the 
miR-200 family as well as miR-205 are coordinately silenced in association with 
promoter methylation [ 56 ]. In CRC patients, liver metastatic lesions exhibit lower 
methylation and higher expression of miR-200c/141 than the primary tumors [ 57 ]. 
Experimental evidence suggests that establishment of EMT in primary CRCs and 
the reverse phenotype of mesenchymal–epithelial transition (MET) are modulated 
in the metastatic lesions through epigenetic regulation of miR-200c [ 57 ]. Epigenetic 
silencing of the miR-200 family and miR-205 has also been reported in carcinogen-
treated lung epithelial cells, suggesting induction of EMT through miRNA dysregu-
lation is an early event during lung carcinogenesis [ 58 ].  

4.3.5     miR-137 

 Methylation of miR-137 was fi rst reported in oral cancer [ 79 ] and was subsequently 
reported in colorectal [ 9 ,  96 ], gastric [ 97 ], and bladder cancers [ 98 ]. MiR-137 
methylation is associated with a poorer survival rate among patients with head and 
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neck squamous cell carcinoma (HNSCC) [ 99 ] and could be detected in oral rinses 
collected from HNSCC patients, suggesting its utility as a cancer biomarker [ 100 ]. 
Within cancer cells, miR-137 targets CDK6, LSD1, CDC42, and KDM1A, which 
is indicative of its tumor suppressor function [ 79 ,  96 ,  101 ,  102 ], while in normal 
cells, miR-137 regulates neuronal differentiation by targeting EZH2 and MIB1 
[ 103 ,  104 ].  

4.3.6     miR-145 

 MiR-145 is known to act as a tumor suppressor and is downregulated in colorectal 
[ 105 ], breast [ 106 ], ovarian [ 107 ], and prostate cancers [ 44 ]. Moreover, an 
association between promoter methylation and miR-145 silencing has been 
confi rmed in prostate cancer [ 44 ]. It has also been shown that both DNA methylation 
and p53 mutation are major causes of miR-145 downregulation in prostate cancer 
[ 45 ]. It appears p53 represses c-MYC by transcriptionally activating miR-145, 
which directly targets c-MYC [ 108 ], and miR-145 also suppresses cancer cell 
proliferation, invasion, and metastasis by targeting MUC1, IRS1, FSCN1, and 
BNIP3 [ 109 – 112 ]. In prostate cancer, downregulation of miR-145 expression and 
increased BNIP3 expression are both associated with a poor prognosis [ 112 ]. And 
one recent study has showed that epigenetic silencing of miR-145 correlates with 
brain metastasis in lung cancer [ 46 ]. Loss of miR-145 in cancer cells leads to 
upregulation of its target genes, including OCT4, EGFR, MUC1, and c-MYC, 
which contribute to malignant progression and metastasis [ 46 ].  

4.3.7     miR-129-2 

 Methylation of miR-129-2 has been reported in colorectal, gastric, esophageal, 
hepatic, and endometrial cancers [ 9 ,  24 ,  37 ,  38 ]. MiR-129 targets SOX4, an onco-
gene frequently upregulated in malignancies, and an association between miR- 
129- 2 methylation and SOX4 overexpression had been detected in both 
endometrial and gastric cancers [ 37 ,  38 ]. In endometrial cancer, miR-129-2 meth-
ylation is associated with microsatellite instability, MLH1 methylation, and poor 
overall survival [ 59 ]. In GC, miR-129 targets ABC transporters related to multi-
drug resistance (ABCB1, ABCC5, and AGCG1), suggesting methylation of miR-
129-2 may modulate chemoresistance in GC [ 113 ]. Consistent with that idea, 
downregulated expression of miR-129 is associated with poor clinicopathological 
features in GC [ 114 ].  
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4.3.8     Hypomethylation of miRNA Genes 

 DNA hypomethylation in the promoter region is one of the mechanisms by which 
miRNA genes are activated in cancer (see Table  4.2 ). For instance, the CpG island 
of let-7a-3 is methylated in normal cells but is hypomethylated in lung 
adenocarcinoma, leading to the gene’s elevated expression [ 115 ]. In lung cancer 
cells, let-7a-3 acts as an oncogene through its regulation of genes involved in cell 
proliferation, adhesion, and differentiation [ 115 ]. In addition, members of the miR- 
196 family (miR-196a and miR-196b) are located within the HOX gene clusters and 
are often overexpressed in tumors, which is consistent with their oncogenic 
functionality [ 122 ]. The miR-196b gene is embedded within a CpG island, and 
hypomethylation in this region is associated with its overexpression in GC [ 117 ]. In 
hepatocellular carcinoma (HCC), two other miRNAs, miR-191 and miR-519d, are 
both upregulated in association with DNA hypomethylation [ 116 ,  120 ]. Experimental 
evidence indicates that miR-191 directly targets TIMP3, while miR-519d targets 
CDKN1A (p21), PTEN, AKT3, and TIMP2, which is suggestive of the oncogenic 
potential of these miRNAs [ 116 ,  120 ].

4.3.9        Clinical Implications of DNA Methylation 

 Numerous studies have demonstrated the usefulness of aberrantly expressed 
miRNAs as cancer biomarkers. Likewise, aberrant methylation of miRNA genes 
may also be a useful marker for detecting cancers and predicting outcomes. For 
example, methylation of miR-124 family genes is an independent prognostic factor 
for disease-free and overall survival in ALL [ 30 ]. A more comprehensive analysis of 
epigenetically silenced miRNA genes in ALL has identifi ed methylation of 13 
miRNA genes (miR-9-1, miR-9-2, miR-9-3, miR-10b, miR-34b, miR-34c, miR124-
1, miR-124-2, miR-124-3, miR-132, miR-212, miR-196b, and miR-203), and ALLs 
with at least one methylated miRNA gene show signifi cantly poorer disease-free 
and overall survival than the unmethylated group [ 19 ]. Similarly, methylation of 
miR-9-3, miR-124-2, and miR124-3 is associated with larger tumor size and poorer 

   Table 4.2    miRNAs activated by DNA hypomethylation in cancer   

 Gene  Tumor type  Target gene  References 

 let7a-3  Lung  [ 115 ] 
 miR-191  Liver  TIMP3  [ 116 ] 
 miR-196b  Stomach  [ 117 ] 
 miR-200a/200b  Pancreas  ZEB2  [ 118 ] 
 miR-375  Breast  RASD1  [ 119 ] 
 miR-519d  Liver  CDKN1A, PTEN, AKT3, TIMP2  [ 120 ] 
 miR-663  Breast  HSPG2  [ 121 ] 
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progression-free survival in NSCLC [ 7 ], and methylation of miR- 124- 3 is associ-
ated with disease recurrence in clear cell renal carcinoma [ 123 ]. Methylation of 
miR-34b/c is also associated with a high probability of recurrence and poor overall 
survival in NSCLC [ 22 ]. Finally, miR-34a methylation in combination with high 
c-MET and β-catenin expression could be a useful marker predictive of distant 
metastasis of colon cancer [ 124 ]. 

 Aberrant DNA methylation of miRNA genes detected in body fl uids is also a 
potentially useful cancer biomarker. We have shown that methylation of miRNA 
genes can be detected in urine specimens from bladder cancer patients, and a panel 
of four miRNA genes (miR-137, miR-124-2, miR-124-3, and miR-9-3) could be a 
useful biomarker for cancer detection [ 98 ]. Methylation of miR-34b/c is report-
edly detected in 75 % of fecal specimens from CRC patients and in 16 % of speci-
mens from high-grade dysplasia patients, suggesting it could be a useful feces-based 
screening marker [ 125 ]. In addition, we have found that methylation of a panel of 
genes, including miR-34b/c, in mucosal wash fl uid collected during colonoscopy 
is potentially an effective biomarker for predicting the invasiveness of CRCs 
[ 126 ]. The degree of methylation of miR-34b/c detected in the serum-circulating 
DNA is also associated with malignant pleural mesothelioma [ 127 ]. Moreover, a 
recent large case-control study has showed that aberrantly methylated miRNA 
genes may be present in the blood before cancer diagnosis. Cordero et al. have 
reported that altered methylation of a series of miRNA genes (miR-328, miR-675, 
miR-1307, miR-1286, miR-1275, miR-1910, miR-24-1, and miR-548a-1) is 
detectable in peripheral blood cells collected from individuals who go on to 
develop breast cancer, suggesting it may represent a biomarker for early detection 
or risk of cancer [ 128 ]. 

 As mentioned, levels of miR-124 and miR-34b/c methylation are elevated in GC 
and in the background gastric mucosa, suggesting that methylation is involved in an 
epigenetic fi eld defect in the stomach. To assess the clinical utility of miR-34b/c 
methylation as a GC risk marker, we carried out a prospective study in a cohort of 
early GC patients who underwent curative endoscopic resection [ 129 ]. We analyzed 
the levels of miR-34b/c methylation in the background noncancerous gastric mucosa 
at the fi rst detection of the cancer. During the follow-up period after resection, the 
cumulative incidence of metachronous GC was much higher among patients with 
elevated methylation levels. In a similar study using a large cohort of early GC 
patients, Asada et al. have found that miR-124-3 methylation could be a predictive 
marker of metachronous GC [ 130 ].   

4.4     miRNA Dysregulation Due to Histone Modifi cation 

 It is now evident that histone modifi cation also plays an important role in the 
dysregulation of miRNAs in cancer. In HCC, for example, overexpression of the 
oncomir miR-224 is mediated by the histone acetylation [ 131 ]. In addition, Chang 
et al. have showed that wild-type BRCA1 epigenetically represses the oncomir 
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miR-155 by recruiting HDAC2 to the miR-155 promoter, whereas a BRCA1 
R1699Q mutant relieves the repression and causes miR-155 overexpression [ 132 ]. 

 By contrast, overexpression of HDACs (HDAC1, HDAC2, and HDAC3) leads to 
downregulation of the tumor-suppressive miRNAs miR-15a, miR-16, and miR-29b 
in CLL [ 133 ]. Inhibition of HDACs induces robust accumulation of active histone 
marks at the promoters of miRNAs and their increased expression, which in turn 
leads to downregulation of their target genes, BCL2 and MCL1. Another study has 
showed that in lymphoma, MYC represses miR-15a/miR-16-1 by recruiting HDAC3 
to their promoters [ 134 ]. In HCC, upregulation of HDACs (HDAC1-3) is associated 
with repression of miR-449, which leads to activation of the putative miR-449 target 
gene c-MET [ 135 ]. 

 Some miRNA genes are silenced in association with repressive histone marks 
without DNA methylation. For instance, downregulation of miR-212 in lung cancer 
cells is reportedly associated with H3K9me2 and H3K27me3 but not DNA 
hypermethylation [ 136 ]. MiR-212 exerts a pro-apoptotic effect in lung cancer cells 
by targeting the anti-apoptotic gene PED, and inhibition of HDAC and the histone 
methyltransferase EZH2 strongly reactivates miR-212 expression in lung cancer 
cells. It has also been found that miR-708 is repressed by H3K27me3 in metastatic 
breast cancer [ 137 ]. MiR-708 targets NNAT, a regulator of intracellular Ca 2+ , and 
silencing miR-708 leads to elevated intracellular Ca 2+  levels and increased cell 
migration and metastasis. Upregulation of EZH2 in HCC leads to the silencing of 
several tumor-suppressive miRNAs, including miR-139-5p, miR-125b, miR-101, 
let-7c, and miR-200b [ 138 ]. Moreover, pathway analysis has showed that EZH2- 
silenced miRNAs play a regulatory role in modulating cell motility and metastasis- 
related pathways [ 138 ].  

4.5     Epigenetic Alterations Induced by miRNAs 

4.5.1     DNA Methylation 

 Several lines of evidence indicate that dysregulation of miRNAs can lead to aberrant 
DNA methylation in cancer (see Fig.  4.2a ). For example, the miR-29 family (miR- 
29a, miR-29b, and miR-29c), which is downregulated in lung cancer, directly 
targets two DNA methyltransferases, DNMT3A and DNMT3B [ 139 ]. Ectopic 
expression of the miR-29 family in lung cancer cells suppresses DNMT3A/B and 
restores expression of the methylation-silenced tumor suppressor genes FHIT and 
WWOX [ 139 ]. In addition, miR-143 and miR-199a-3p target DNMT3A in CRC 
and testicular cancer, respectively [ 140 ,  141 ]. Several miRNAs, including miR-152, 
miR-148a, miR-185, miR-343, and miR-126, reportedly target DNMT1, and 
downregulation of these miRNAs is associated with methylation-associated 
silencing of tumor suppressor genes in cancer [ 48 ,  142 – 146 ]. For instance, 
downregulation of miR-152 correlates with increased DNMT1 expression in 
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hepatitis B virus-related HCC tissues, and forced expression of miR-152 in HCC 
cells markedly reduces DNMT1 expression and global DNA methylation levels 
[ 142 ]. MiR-342 is also downregulated in CRC, and restoration of miR-342 in CRC 
cells leads to reactivation of the tumor suppressor genes ADAM23 and RASSF1A 
via promoter demethylation [ 144 ]. Recently, miR-34b has been shown to target 
DNMTs and HDACs in prostate cancer cells [ 147 ]. As in other malignancies, miR- 
34b is silenced via CpG island methylation in prostate cancer, and low miR-34b 
expression is strongly associated with poor survival. Ectopic expression of miR-34b 
in prostate cancer cells suppresses DNMTs and HDACs and activates the endogenous 
miR-34b gene, which is indicative of a positive feedback loop [ 147 ].

   The ten eleven translocation (TET) family, which includes TET1, TET2, and 
TET3, has been recently shown to act as DNA demethylases by converting 
5-methylcytosine to 5-hydroxymethylcytosine (5-hmC) [ 148 ]. Reduced TET 
activity and lower genome-wide levels of 5-hmC have been reported in several 
cancer types, and recent studies indicate that miRNA dysregulation could be 
involved. In HCC, miR-494 reportedly acts as an epigenetic regulator that directly 
targets TET1 [ 149 ]. Upregulation of miR-494 in HCC cells leads to epigenetic 
silencing of invasion suppressing miRNA genes through inhibition of DNA 
demethylation in promoter CpG islands. In addition, miR-767 targets TET1 and 
TET3, and overexpression of miR-767 in cancer cells represses TET1 and TET3 
and reduces genomic 5-hmC levels [ 150 ]. Collectively, these results indicate that 
dysregulation of specifi c miRNAs may be causally related to aberrant DNA 
methylation in cancer.  
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Aberrant DNA methylation

Silencing of target genes

DNMT

EZH2

TET

miRNA

PRC lncRNA

Silencing of target genes
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  Fig. 4.2    ( a ) Epigenetic alterations induced by miRNAs. ( b ) Epigenetic alterations induced by 
lncRNAs       
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4.5.2     Histone Modifi cations 

 Like the relationship between miRNAs and DNMTs, dysregulation of miRNAs that 
regulate histone modifi ers results in aberrant histone modifi cations in cancer (see 
Fig.  4.2a ). EZH2 functions as a catalytic subunit of the polycomb repressive 
complex 2 (PRC2), which methylates H3K27. Evidence suggests that EZH2 acts as 
an oncogene, and its overexpression in prostate and breast cancers promotes 
tumorigenesis, invasiveness, and metastasis [ 151 ,  152 ]. EZH2 is a target of several 
miRNAs, including miR-101, and genomic loss of miR-101 is an important factor 
underlying EZH2 overexpression in prostate cancer [ 153 ]. Reduced expression of 
miR-101 and upregulation of EZH2 occur in parallel during the progression of 
prostate cancer, and genomic loss of miR-101 is more frequently seen in metastatic 
disease than localized cancers [ 153 ]. The inverse association between miR-101 and 
EZH2 has also been reported in bladder, gastric, lung, and renal cancers [ 154 – 157 ]. 
In addition, other miRNAs, including miR-26a [ 158 ], miR-98 [ 159 ], miR-124 
[ 160 ], miR-144 [ 161 ], miR-214 [ 162 ], and let-7 [ 163 ], are also reported to negatively 
regulate EZH2. 

 Several studies have shown an intriguing interrelationship between miRNA 
dysregulation and epigenetic modifi ers in cancer. In prostate and breast cancer cells, 
EZH2 represses a set of miRNAs (miR-181c, miR-181b, miR-200b, miR-200c, and 
miR-203) that negatively regulate the PRC1 subcomponents BMI1 and RING2, and 
the relationship between miRNA and PRC protein levels has been confi rmed in 
primary prostate cancer tissue [ 164 ]. These results suggest that key miRNAs link 
PRC2 to PRC1 to form a regulatory axis of epigenetic silencing machinery. Another 
study has demonstrated that MYC, HDAC3, and EZH2 coordinately repress miR- 
29 in B-cell lymphoma [ 165 ]. Interestingly, MYC contributes to EZH2 upregulation 
through repression of EZH2-targeting miR-26a, while EZH2 induces MYC via 
inhibition of MYC-targeting miR-494. These results suggest the existence of a 
positive MYC-miRNA-EZH2 feedback loop that mediates persistent overexpression 
of MYC and EZH2 in lymphoma. Combined inhibition of HDAC3 and EZH2 
restores miR-29 expression and suppresses lymphoma cell growth, suggesting the 
MYC-EZH2-miR-29 axis could be a promising target for epigenetic therapy in 
aggressive B-cell lymphomas [ 165 ].   

4.6     Epigenetic Dysregulation of lncRNA Genes 

 Although the function of most lncRNAs remains unknown, a number of biologically 
functional lncRNAs have been reported [ 77 ]. Recent studies have also begun to shed 
light on epigenetic mechanisms that play essential roles in the dysregulation of 
lncRNAs in cancer. For instance, genome-wide DNA methylation analysis using 
deep sequencing with Barrett’s esophagus (BE) and esophageal adenocarcinoma 
(EAC) reveals hypomethylation in intragenic and repetitive genomic elements as 
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well as in noncoding regions [ 166 ]. Among these, AFAP1-AS1 is signifi cantly 
hypomethylated in both BE and EAC. AFAP1-AS1 knockdown in EAC cells 
induces apoptosis and suppresses proliferation, migration, and invasion, which is 
suggestive of its oncogenic function. Similarly, hypomethylation of the promoter 
region of ZEB1-AS1 is associated with its overexpression and a poor prognosis in 
HCC [ 167 ]. Functionally, ZEB1-AS1 upregulates ZEB1 expression and induces 
EMT, and ectopic expression of ZEB1-AS1 in HCC cells promotes proliferation, 
invasion, and metastasis. By contrast, expression of MEG3 is downregulated in 
association with promoter CpG island methylation in HCC [ 168 ]. Overexpression of 
MEG3 in HCC cells suppresses proliferation and induces apoptosis, which is indica-
tive of its tumor suppressor function. Notably, reduced expression of miR- 29a, 
which can modulate DNMT1 and DNMT3B, contributes to the methylation- 
associated silencing of MEG3 in HCC cells [ 168 ]. These results indicate an inter-
relationship between miRNAs, lncRNAs, and epigenetic gene regulation in cancer. 

 Two lncRNA genes, DLEU1 and DLEU2, have been mapped to a region at chro-
mosomal band 13q14.3, which is frequently deleted in hematopoietic and solid 
tumors [ 169 ]. DLEU2 is also known to be a primary transcript of miR-15a and miR- 
16- 1, which act as tumor suppressors in CLL [ 170 ]. More than 50 % of CLL cases 
harbor a deletion at 13q14.3, indicating the tumor suppressor function of this region. 
Another recent study has showed that, in CLL, DNA demethylation at the 
transcription start sites of DLEU1 and DLEU2 is associated with upregulation of 
these lncRNAs, which leads to downregulation of neighboring tumor suppressor 
genes in a cis-regulatory manner [ 169 ]. Notably, all genes in the cluster at 13q14.3 
are modulators of the NF-κB pathway. This suggests the epigenetic dysregulation of 
these lncRNAs attenuates the tumor suppressor function at 13q14.3, which targets 
NF-κB in CLL cells. 

 To unravel the DNA methylation profi les of lincRNA genes in cancer, Zhi et al. 
have re-annotated Infi nium HumanMethylation450 BeadChip array data obtained 
from 4629 tumor samples and 705 samples of normal tissue [ 171 ]. They have clas-
sifi ed the 2461 lincRNA genes as prone to methylation (PM) or resistant to methyla-
tion (RM) based on their promoter methylation patterns in tumors. Promoters of RM 
lincRNA genes are evolutionally conserved among species and ubiquitously 
expressed in normal tissues. Moreover, patterns of lincRNA promoter methylation 
are associated with cancer status, subtype or prognosis. These results suggest that a 
large number of lncRNA genes are potential targets of aberrant DNA methylation, 
and they could be useful biomarkers and potential therapeutic targets [ 171 ]. 

 Histone modifi cations also play an essential role in the regulation of lncRNA 
expression. For example, the lncRNA SPRY4-IT1 is silenced via H3K27me3 in 
NSCLC [ 172 ]. SPRY4-IT1 is derived from an intron within the SPRY4 gene, and 
its ectopic expression in NSCLC cells exerts signifi cant antitumor effects. Knocking 
down EZH2 restores SPRY4-IT4 expression, and inhibition of SPRY4-IT1 partially 
rescues the impaired oncogenic phenotype resulting from EZH2 knockdown. This 
suggests SPRY1-IT1 repression has an important role in EZH2-induced 
oncogenesis.  
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4.7     Epigenetic Alterations Induced by lncRNAs 

 LncRNAs are involved in all aspects of gene regulation, including chromosome 
dosage compensation, imprinting, epigenetic regulation, transcription, mRNA 
splicing, and translation [ 77 ]. Recent studies have demonstrated that a number of 
lncRNAs dysregulated in cancer are deeply involved in epigenetic regulation (see 
Fig.  4.2b ). One of the best documented examples is HOTAIR, which is frequently 
overexpressed in multiple types of cancer. The oncogenic function of HOTAIR was 
fi rst reported in breast cancer, where HOTAIR binds to PRC2 to silence genes 
encoding invasion and metastasis suppressors [ 173 ]. Upregulation of HOTAIR is 
associated with a poor prognosis in breast, liver, colon, and pancreatic cancers, as 
well as in gastrointestinal stromal tumors [ 173 – 177 ]. In neuroblastoma, weak 
expression of another lncRNA, NBAT-1, is a strong indicator of a poor clinical 
outcome [ 178 ]. The promoter region of NBAT-1 is hypermethylated in high-risk 
neuroblastomas, and loss of NBAT-1 increases cellular proliferation and invasion. 
NBAT-1 controls tumor progression by interacting with EZH2 to repress its target 
genes, and it promotes differentiation of neuroblastoma cells. 

 Several lncRNAs reportedly modulate DNA methylation in cancer. linc-POU3F3, 
which is overexpressed in esophageal squamous cell carcinoma, induces 
hypermethylation of the promoter CpG island of a neighboring POU3F3 gene, 
which encodes a transcription factor [ 179 ]. linc-POU3F3 physically interacts with 
EZH2, and it is thought that EZH2 recruits DNMTs to the promoter region of 
POU3F3. Functional evidence suggests that overexpression of linc-POU3F3 
promotes tumorigenesis by epigenetically silencing POU3F3. 

 Highly upregulated in liver cancer (HULC) is a lncRNA specifi cally overexpressed 
in HCC, where it infl uences abnormal lipid metabolism by activating the acyl-CoA 
synthetase subunit ASCL1 [ 180 ]. Functional analysis has revealed that HULC 
upregulates ASCL1 by activating the transcription factor PPARA, which is a target 
of miR-9. HULC activates PPARA by inducing CpG island methylation and thus 
silencing the miR-9 family genes. 

 Merry et al. have screened for lncRNAs that directly interact with DNMT1 and 
identifi ed DNMT1-associated colon cancer repressed lncRNA (DACOR1), which is 
expressed in normal colon and repressed in colon cancer [ 181 ]. Induction of 
DACOR1 in colon cancer cells suppresses colony formation and downregulates 
cystathionine β-synthase, which leads to increased levels of S-adenosyl methionine, 
a key methyl donor for DNA methylation. Repression of DACOR1 may thus 
promote colon tumorigenesis by inducing global DNA hypomethylation [ 181 ]. 

 DNA repair machinery is known to play an important role in DNA demethylation 
involving activation-induced cytidine deaminase and thymine-DNA glycosylase 
[ 182 ]. The stress response protein GADD45A recruits the DNA repair machinery to 
specifi c genomic sites, where it catalyzes the replacement of methylated cytosines 
with unmethylated ones. It has been recently reported that a lncRNA, TARID, 
modulates DNA demethylation using the same mechanism [ 182 ]. The tumor 
suppressor gene TCF21 and its neighboring lncRNA gene, TARID, are concordantly 
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methylated in multiple malignancies, including NSCLC, HNSCC, and ovarian 
cancer. In normal cells, TARID interacts with both the TCF21 promoter and 
GADD45A and modulates DNA demethylation at the TCF21 promoter. TARID is 
thus required to maintain the TCF21 promoter open, and reduced expression of 
TARID is thought to induce methylation-associated silencing of TCF21 and to 
promote tumorigenesis. Supporting that hypothesis, downregulation of TARID and 
methylation of TCF21 are also seen in clear cell sarcoma of the kidney [ 183 ].  

4.8     Concluding Remarks 

 In this review, we have highlighted the relationship between epigenetic alterations 
and dysregulation of short and long ncRNAs in cancer. Aberrant DNA methylation 
and histone modifi cation are the major mechanisms underlying ncRNA dysregulation 
in cancer, and methylation of a subset of miRNA genes may be useful biomarkers 
for detecting cancer or predicting clinical outcome. Replacement of silenced tumor- 
suppressive miRNAs in cancer cells could be an effective strategy for cancer 
treatment. And cross talk between lncRNA dysregulation and epigenetic mechanisms 
could be an important driver promoting tumorigenesis. We anticipate that further 
understanding of the causes and consequences of ncRNA dysregulation will open 
the door to novel biomarkers and therapeutic targets in cancer.     
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    Chapter 5   
 Noncoding RNAs in Growth and Death 
of Cancer Cells                     

     Anfei     Liu     and     Shanrong     Liu    

    Abstract     The mammalian genomes are mostly comprised of noncoding genes. 
And mammalian genomes are characterized by pervasive expression of different 
types of noncoding RNAs (ncRNAs). In sharp contrast to previous collections, these 
ncRNAs show strong purifying selection evolutionary conservation. Previous 
studies indicated that only a small fraction of the mammalian genome codes for 
messenger RNAs destined to be translated into peptides or proteins, and it is 
generally assumed that a large portion of transcribed sequences—including 
pseudogenes and several classes of ncRNAs—do not give rise to peptides or 
proteins. However, ribosome profi ling suggests that ribosomes occupy many regions 
of the transcriptome thought to be noncoding. Moreover, these observations 
highlight a potentially large and complex set of biologically regulated translational 
events from transcripts formerly thought to lack coding potential. Furthermore, 
accumulating evidence from previous studies has suggested that the novel translation 
products exhibit temporal regulation similar to that of proteins known to be involved 
in many biological activity processes. In this review, we focus on the coding 
potential of noncoding genes and ncRNAs. We also sketched the possible 
mechanisms for their coding activities. Overall, our review provides new insights 
into the word of central dogma and is an expansive resource of functional annotations 
for biomedical research. At last, the outcome of the majority of the translation 
events and their potential biological purpose remain an intriguing topic for future 
investigation.  
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5.1       Introduction 

 A striking fi nding about the production of numerous noncoding RNAs (ncRNAs) 
from mammalian genomes in the past decade has completely shifted our view of 
gene expression programs, which have historically been based on the assumption 
that only protein-coding genes could specify cellular functions. Increasing evidence 
suggests that while it is entirely possible that many of those ncRNAs are transcription 
noises or by-products of RNA processing, a large fraction of them provide diverse 
regulatory functions in the cell, and regulatory RNA networks in general represent 
a crucial interphase between genomics and proteomics [ 1 ,  2 ], impacting both on 
physiology and disease. The era of ncRNA research has resulted in and benefi ted 
from the rapid advance in genomics technologies and informatics approaches [ 1 ] 
that have been developed in recent years and thus has experienced tremendous 
progress in elucidating the function and mechanism of various ncRNAs. 

 Classic ncRNA transcripts have been categorized into two groups: housekeeping 
ncRNAs and regulatory ncRNAs (see Table  5.1 ). Housekeeping ncRNAs include 
small ncRNAs such as transfer RNAs (tRNAs) for carrying amino acids, small 
nucleolus RNAs (snoRNAs) for RNA modifi cations, and small nuclear RNAs 
(snRNAs) for RNA splicing, and large ones, such as ribosomal RNAs (rRNAs) for 
protein synthesis [ 1 ]. Regulatory ncRNAs can be divided into two classes based on 
an arbitrary size cutoff of 200 nt to separate small ncRNAs from long noncoding 
RNAs (lncRNAs), including the well-annotated microRNAs (miRNAs), which are 
18–25 nt noncoding regulatory RNAs that mediate posttranscriptional regulation of 
gene expression by inhibiting the translation or promoting the degradation of target 

   Table 5.1    The categorization of ncRNAs   

 Abbreviation  Full name  Role 

 Housekeeping 
ncRNAs 

 rRNA  Ribosomal RNA  mRNA reading and decoding 
 tRNA  Transfer RNA  Amino acid carriers 
 snRNA  Small nuclear RNA  RNA splicing 
 snoRNA  Small nucleolar 

RNA 
 RNA modifi cation 

 TR  Telomere RNA  Chromosome end synthesis 
 Regulatory ncRNAs  miRNA  Micro RNA  RNA stability and translation 

control 
 siRNA  Endogenous RNA  RNA silencing 
 piRNA  Piwi RNA  Gene silencing 
 eRNA  Enhancer-derived 

RNA 
 Regulation of gene expression 

 lncRNA  Long noncoding 
RNA 

 Imprinting, epigenetics, nuclear 
structure 

 circRNA  Circular RNA  Regulation of miRNA 
 xRNA  X-inactive RNA  RNA silencing 
 gRNA  Guide RNA  RNA editing 
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mRNAs [ 3 ], and lncRNAs, which account for approximately 81.8 % of all ncRNAs 
[ 4 ] and have a role in physiologic aspects of cell-type determination and tissue 
homeostasis [ 5 ]. However, miRNA and lncRNA are not alone—there are many 
other families of ncRNAs that are necessary for regulatory roles in the cell, such as 
enhancer RNA (eRNA, 50–2000 nt) for transcribing enhancers, guide RNA(gRNA, 
60–80 nt) for editing site selection in RNA editing, small interfering RNAs (siR-
NAs, 19–23 nt) which interfere with the expression of specifi c genes with comple-
mentary nucleotide sequences, and piwi-interacting RNAs (piRNAs, 26–30 nt), 
which are involved in germline development, silencing of selfi sh DNA elements, 
and maintaining germline DNA integrity. piRNAs form complexes with piwi pro-
teins, members of the Argonaute family, and unlike other small RNAs, they are 
created without RNase Dicer participation [ 6 ]. They represent a large group of 
ncRNAs with many diverse functions, many of which are only just beginning to be 
understood. Indeed, the number of ncRNAs per genome correlates far better with 
organism complexity than the number of coding genes, suggesting that RNA-based 
regulatory mechanisms are critical in the evolution of developmental complexity 
[ 2 ] and tumorigenesis.

   The development of human cancer is mediated by both genetic and epigenetic 
alterations of the cell [ 7 ,  8 ], and ncRNAs play a crucial role in maintaining genomic 
stability which is essential for cell survival and preventing tumorigenesis [ 9 ]. 
ncRNAs and coding genes cooperatively mediate pathway dysregulation during the 
development and progression of cancers [ 10 ]. It has become increasingly clear that 
misexpression of ncRNAs is recognized as a hallmark feature in cancers. Studies 
have shown that tumor tissue and normal tissue exhibit distinct ncRNA expression 
profi les, and the aberrant ncRNAs can play an important role in cancer development 
[ 9 ], metastasis, prognosis, and patient survival rates [ 11 ]. There is mounting 
evidence of miRNAs acing as either potent oncogenes or tumor suppressor genes, 
linking to cancer initiation and progression [ 12 ]. lncRNAs involved in different 
biological processes occur in a space- and time-dependent manner [ 13 ], and many 
of them are dysregulated in a wide range of cancers [ 14 ]. siRNA-based therapies are 
known for offering great potential for cancer treatments. RNA interference (RNAi) 
is a well-conserved, naturally occurring process of posttranscriptional gene silencing 
initiated by double-strand siRNA. A RNAi-based approach can effectively silence 
any disease-causing gene in a given cell type or tissue/organ of interest [ 15 ]. piRNA 
pathway is shown active in various cancers. For example, the expression of PIWIL1 
and PIWIL2 has been found in a wide range of human cancers such as stomach, 
breast, gastrointestinal tract, and endometrium [ 16 – 18 ] and recently also in ovarian 
carcinoma [ 19 ]. Among effects of estrogen signaling on the transcriptome of breast 
cancer cells, induced eRNA contributes to the dynamic generation/stabilization of 
enhancer: promoter looping between the regulated coding transcription units and 
these ERα-bound enhancers [ 20 ]. In most advanced cancers, telomerase is 
reactivated and serves to maintain telomere length, and emerging data have also 
documented the capacity of telomerase to directly regulate cancer-promoting 
pathways [ 21 ]. A circRNA, ciRS-7, is closely coupled to miR-7, and fi ne-tuning of 
the miR-7/miR-671/ciRS-7 axis will likely play profound roles in diseases such as 
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cancer [ 22 ]. However, there are still many gaps in our current understanding of the 
functional roles for the vast majority of these unique ncRNAs. 

 In this chapter, we pay attention to the relationship between the two mostly 
studied ncRNAs and related cancer diseases: miRNA and lncRNA (see Table  5.2 ). 

   Table 5.2    NcRNAs involved in cancer cell biological process   

 Cancer cell biological 
process  ncRNAs  Notes 

 Apoptosis  lncRNA, miRNA, piRNA, snRNA, snoRNA  1–5 
 Cell cycle  lncRNA, miRNA, siRNA, piRNA  6–9 
 Proliferation  lncRNA, miRNA, piRNA, rRNA, tRNA, snoRNA, 

circRNA 
 10–16 

 Autophagy  lncRNA, miRNA, rRNA  17–19 
 Necrosis  lncRNA, miRNA  20–21 

  Notes 
 1. Transforming growth factor-β-induced lncRNA-Smad7 inhibits apoptosis of mouse breast 
cancer 
 2. TEL-AML1 regulation of surviving and apoptosis via miRNA-494 and miRNA-320a 
 3. An lncRNA (GAS5)/SnoRNA-derived piRNA induces activation of TRAIL gene by site- 
specifi cally recruiting MLL/COMPASS-like complexes 
 4. Hyperstable U1snRNA complementary to the K-ras transcripts induces cell death in pancreatic 
cancer cells 
 5. GAS5, a noncoding protein, controls apoptosis and is downregulated in breast cancer 
 Cell cycle 
 6. Long noncoding RNA UCA1 regulates cell cycle distribution via CREB through PI3-K 
 7. Inverse correlation of miRNA and cell cycle-associated genes suggests infl uence of miRNA on 
benign thyroid nodule tumorigenesis 
 8. Effects of HMGB1 expression suppressed by siRNA on cell cycle and proliferation of human 
cervical cancer cell line HeLa 
 9. Overexpression of Hiwi inhibits the cell growth of chronic myeloid leukemia K562 cells and 
enhances their chemosensitivity to daunomycin 
 10. lncRNA-LALR1 accelerates hepatocyte proliferation during liver regeneration by activating 
Wnt/beta-catenin signaling 
 11. miRNA-26b inhibits proliferation by targeting PTGS2 in breast cancer 
 12. piRNA, the new noncoding RNA, is aberrantly expressed in human cancer cells 
 13. Changes in rRNA transcription infl uence proliferation and cell fate within a stem cell lineage 
 14. tRNA-derived microRNA modulates proliferation and the DNA damage response and is 
downregulated in B-cell lymphoma 
 15. snoRNA U50 levels are regulated by cell proliferation and rRNA transcription 
 16. Correlation of circular RNA abundance with proliferation—exemplifi ed with colorectal and 
ovarian cancer, idiopathic lung fi brosis, and normal human tissues 
 17. APF lncRNA regulates autophagy and myocardial infarction by targeting miR-188-3p 
 18. Oncophagy—harnessing miRNA regulation of autophagy in cancer therapy 
 19. Noncoding rRNA-mediated preferential killing in cancer cells is enhanced by suppression of 
autophagy in non-transformed counterpart 
 20. miR-15b/16 protects primary human retinal microvascular endothelial cells against 
hyperglycemia-induced increases in tumor necrosis factor alpha and suppressor of cytokine 
signaling 
 21. Altered expression of long noncoding RNAs during genotoxic stress-induced cell death in 
human glioma cells  
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The biogenesis, targeting, and function of these classes of ncRNAs have been 
extensively studied and reviewed. These ncRNAs are largely involved in biological 
processes of cancer cells including proliferation, cell cycle, apoptosis, necroptosis, 
and autophagy. Recent progress suggests that the involvement of ncRNAs in 
cancers’ cellular regulation can be far more prevalent than previously appreciated. 
Deciphering the role of ncRNAs in cancer benefi ts not only understanding the 
molecular basis of this disease but also developing novel clinical tools and 
treatments. The fi eld of applications for these ncRNAs in cancer harbors great 
promise.

   In this chapter, we will attempt to organize some of the rapidly expanding 
information, with a focus on roles of ncRNAs involved in the growth and death 
biological processes of cancer cells, including proliferation, cell cycle, apoptosis, 
necrosis, and autophagy. Furthermore, we highlight on potential clinical applications 
of ncRNAs as predictive biomarkers and therapeutic targets for anticancer 
treatments.  

5.2     miRNA in Growth and Death of Cancer Cells 

 miRNAs comprise a class of endogenously expressed small ncRNAs which are 
approximately 22 nucleotides in length. The canonical miRNA biogenesis pathway 
consists of at least four steps: transcription, nuclear and cytoplasmic processing, 
loading into RNA-induced silencing complex (RISC), and decay. Transcription of 
miRNAs usually involves RNA polymerase II (Pol II), meaning that miRNA genes 
share the transcriptional machinery of protein-coding genes, including transcription 
factors, enhancers, and epigenetic regulation [ 2 ]. They exert their function via base 
pairing with complementary sequences within mRNA molecules. Upon sequence- 
specifi c binding of miRNAs, mRNA molecules are destabilized through shortening 
of their poly(A)tails, or degraded by cleavage of the mRNA strand, or less effi ciently 
translated into proteins by ribosomes [ 23 ]. Recent evidences suggest that miRNAs 
can also recognize specifi c target sites in gene promoters, modulating gene 
expression likely by recruiting similar Ago proteins and chromatin-remodeling 
enzymes in the vicinity of promoters [ 24 ]. miRNA regulates diverse biological 
processes, and bioinformatic data indicates that each miRNA can control hundreds 
of gene targets, underscoring the potential infl uence of miRNAs on almost every 
genetic pathway [ 25 ]. In fact, miRNA-mediated regulation is one of the most 
widespread posttranscriptional regulatory mechanisms in eukaryotes and is 
estimated to affect the majority of human transcripts [ 26 ]. 

 miRNAs have been implicated in cancer diseases by regulating the cellular levels 
of specifi c oncogenes or tumor suppressor genes. About half of the annotated human 
miRNAs map within fragile regions of chromosomes, which are areas of the genome 
that are associated with various human cancers [ 25 ]. Gene therapies that use 
miRNAs are proven to be an effective approach to blocking tumor progression. 
Accumulating evidence highlights the crucial role of miRNA-mediated regulation 
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in virtually all cellular processes that modulate malignant transformation of cells 
including cell growth, differentiation, proliferation, and apoptosis, to name a few. In 
normal tissues, proper miRNA transcription, processing and binding to 
complementary sequences on the target mRNA, results in the repression of target 
gene expression through a block in protein translation or altered mRNA stability, 
leading to the overall result as normal rates of cellular growth, proliferation, 
differentiation, and cell death [ 25 ]. Alterations in the miRNA balance in the cell can 
lead to dysregulation of tumor suppressor genes and/or oncogenes controlled by 
aberrantly expressed miRNAs [ 26 ], resulting in the overall outcome involving 
increased proliferation, promoted cell cycle or cell cycle arrest, decreased levels of 
apoptosis and necroptosis, or delayed autophagy, ultimately leading to tumor 
formation [ 25 ]. 

 Hereafter, we will summarize the functions and mechanisms of miRNAs in 
regulating the proliferation, cell cycle, apoptosis, necroptosis, and autophagy of 
cancer cells. 

5.2.1     Proliferation 

 Proliferation is an important part of cancer development and progression as the 
cancer cell embodies characteristics that permit survival beyond its normal life span 
and to proliferate abnormally [ 27 ]. The relevance of miRNAs expression correlating 
with tumor proliferation has been analyzed in detail in the last decade. 

 miRNAs are thought to function as both tumor suppressors and oncogenes 
through regulating their target genes and related signal pathway in tumor 
proliferation. For example, the expression level of miR-31 is signifi cantly higher in 
cervical cancer patients than in normal individuals (P\0.05). The target genes such 
as SATB2, TIAM1, and RASA1 have been found to be involved in the biological 
functions of miR-31 [ 28 ]. The miR-34 family is directly transactivated by tumor 
suppressor p53, which is frequently mutated in various cancers. The MTT assay 
reveals signifi cant cell proliferation inhibition in miR-34a transfectant compared 
with the control from HO8910 and SKOV3 cells, which displays lowest expressions 
of miR-34a [ 29 ]. miR-203 is downregulated in renal cancer cell lines (P < 0.05). 
Mechanistic investigations confi rm FGF2 as a direct target of miR-203, and 
upregulation of miR-203 can decrease expression of FGF2 [ 30 ]. In lung cancer cell 
line A549 cell line, overexpression of microRNA-126 inhibits the proliferation rate. 
VEGF is the target gene of microRNA-126, with the latter exerting its function via 
regulating the former’s protein level [ 31 ]. 

 Tumor hypoxia is one of the features of tumor microenvironment that contributes 
to chemoresistance. Early steps in tumor development are associated with a 
fi brogenic response and the development of a hypoxic environment which favors 
the survival and proliferation of cancer stem cells [ 27 ]. Moreover, hypoxia also 
regulates the expression of a series of miRNAs. IGF2BP1 is identifi ed as a potential 
target of miR-196b. miR-196b overexpression decreases IGF2BP1 RNA expression 
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and protein level. The IGF2BP1downregulation by either miR-196b or IGF2BP1 
siRNA leads to a decrease in cell viability and proliferation in normal culture 
conditions [ 32 ]. Former studies indicate that c-Myc-mediated repression of miR- 
15- 16 in hypoxia is induced by increased HIF-2α and promotes tumor angiogenesis 
and metastasis by upregulating FGF2. 

 In addition, mounting evidence has shown that miRNAs take important roles in 
self-renewal of cancer cells. One such example is linc-RoR, which has already been 
shown to control self-renewal and maintain pluripotency of human embryonic stem 
cells by acting as a miR-145 “sponge” and thus controlling OCT4, NANOG, and 
SOX2 expression. Similarly, linc-RoR is found to regulate expression of the same 
transcription factors in endometrial cancer stem cells, and inhibit their differentiation, 
in a miR-145-dependent manner [ 26 ]. In the mouse, members of the let-7 family are 
shown to be expressed at low levels in self-renewal progenitors (ALDH+/Sca-1+) 
and induce upon differentiation, suggesting that low levels of let-7 mark the self- 
renewal compartment and can be used to prospectively isolate normal mammary 
stem cells (MaSCs). Accordingly, the let-7 family emerges as the most induced 
group of miRNAs upon estradiol treatment in human luminal cells. Independent 
studies further suggest that miRNAs of this family are implicated in the self-renewal 
of cancer stem cells (CSCs) in breast and other cancers, by multiple mechanisms. 
One of these mechanisms involves the pluripotency gene known as LIN28/LIN28B, 
which inhibits the function of let-7 by interfering with its biogenesis. In breast can-
cer, LIN28 expression confers CSC traits and impinges on signaling mechanisms 
involved in self-renewal of normal and CSCs, such as the Wnt/beta-catenin path-
way, NF-κB signaling, and infl ammatory cytokine signaling [ 2 ].  

5.2.2     Cell Cycle 

 Regulation of the cell cycle involves processes crucial to the survival of a cell, 
including the detection and repair of genetic damage as well as the prevention of 
uncontrolled cell division. Mitotic cell cycle is accepted as a constantly reproducible 
sequence of events, which includes four phases: G1 phase, S phase, G2 phase, and 
M phase. The expression and activation of cyclin-dependent kinases (CDKs) and 
cyclin play a pivotal role in proceeding through the G1 into S phase (DNA 
replication) and from the G2 to M phase (mitosis) [ 33 ]. These proteins regulate the 
cell’s progression through the stages of the cell cycle and are in turn regulated by 
numerous proteins, including p53, p21, p16, and cdc25. Downstream targets of 
cyclin-CDK complexes include pRb and E2F. The cell cycle often is dysregulated 
in neoplasia due to alterations either in oncogenes that indirectly affect the cell cycle 
or in tumor suppressor genes or oncogenes that directly impact cell cycle regulation, 
such as pRb, p53, p16, cyclin D1, or mdm-2. The cell cycle has become an intense 
subject of research in recent years. The complexity of the regulation of the cell cycle 
is refl ected in the different alterations leading to aberrant cell proliferation and 
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development of cancer. A large number of researchers have supposed that miRNA 
can regulate cell cycle proteins and induce cell cycle arrest [ 34 ]. 

 Tumor-associated cell cycle defects are often mediated by alterations in the CDK 
activity. Misregulated CDKs induce unscheduled proliferation as well as genomic 
and chromosomal instability [ 35 ]. miRNAs can control cell cycle progression after 
DNA damage by targeting CHK1, p53, retinoblastoma1 serine phosphates from 
human chromosome3 (RBSP3), cyclin D, CDC25a, p21, CDK2, WEE1, LK1, and 
so on [ 9 ]. miR-223 affects the G1/S transition of cell cycle, so that the expression of 
CDK2, CDK4, CDK6, CCND1, CCND2, and CCND3 is signifi cantly downregulated 
in miR-223 inhibitor. miR-31 is a direct regulator of endogenous expression 
CDK2 in liver cancer cells [ 36 ]. In leukemic cells, CDK2 is found to be a target 
gene of miR-638 that CDK2 inhibition phenotypically mimics the overexpression 
of miR-638 [ 37 ]. miR-449a is able to regulate the expression of the CDK6 protein, 
and a lower expression level of miR-449 and a higher expression level of CDK6 
may contribute to the occurrence and development of gastric cancer [ 38 ]. 

 Cell cycle arrest, also referred to as delay, is produced by a variety of factors that 
may be intrinsic or extrinsic and may affect several checkpoints [ 34 ]. miR-449a 
inhibits neuroblastoma cell survival and growth through two mechanisms, inducing 
cell differentiation and cell cycle arrest. Its function in inducing cell cycle arrest 
involves downregulating its direct targets CDK6 and LEF1 [ 39 ]. miR-34a is 
importantly competent in p53 tumor suppressor network, where p53-dependent 
activation of miR-34a is widely validated and its upregulation induces cell cycle 
arrest. miR-34a has many potential target genes, with several of these regular cell 
cycles, including NMYC, CCND1, CCNE2, CDK4, CDK6, and MET, having been 
experimentally validated, which lead to a signifi cant reduction in the number of 
cells in the S phase of the cell cycle and an increase in the percentage of cells in 
theG0/G1 phase [ 33 ]. miR-302/367 cluster can dually regulate cell cycle in gene 
dose-dependent manner that knockdown of the endogenous miR-302/367 cluster 
causes cell cycle arrest 7. miR-27a is part of the miR-23a/27a/24-2 cluster. The 
impact of miR-27a silencing or overexpression on the cell cycle of U251 and 
U87MG cells is examined in vitro. Treatment with miR-27a-mimics oligonucleotides 
suppresses U251 cell proliferation, promotes apoptosis by inducing G2/M phase 
arrest, and impairs the invasive potential of U251 cells in vitro [ 40 ].  

5.2.3     Apoptosis 

 Apoptosis is characterized by specifi c morphological and biochemical changes of 
dying cells, including cell shrinkage, nuclear condensation and fragmentation, 
dynamic membrane blebbing, and loss of adhesion to neighbors or to extracellular 
matrix. Biochemical changes include chromosomal DNA cleavage into 
internucleosomal fragments, phosphatidylserine externalization, and a number of 
intracellular substrate cleavages by specifi c proteolysis [ 41 ]. The fi eld of apoptosis 
research has been moving forward at an alarmingly rapid rate as many of the key 
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apoptotic proteins have been identifi ed. Inappropriate apoptosis is a hallmark in 
many cancer diseases as the most striking feature of the cancer cells is that they do 
not undergo apoptosis. This fact is due to the involvement of dynamic interplay 
between oncogenes and/or inactivated tumor suppressor genes. Both of them have 
key roles in generation of a tumor [ 42 ]. To date, research indicates that there are two 
main apoptotic pathways in cancer: the extrinsic or death receptor pathway and the 
intrinsic or mitochondrial pathway. Besides, studies show that the two pathways are 
linked and that molecules in one pathway can infl uence the other. Multiple lines of 
evidence indicate that miRNAs can modulate apoptotic pathways. 

 The intrinsic (or mitochondrial) apoptotic pathway is triggered by a variety of 
intracellular stimuli, including DNA damage, cytotoxic drug treatment, growth 
factor deprivation, and/or oxidative stress. This pathway relies on the formation of 
a complex termed the apoptosome, which is composed of procaspase-9, apoptotic 
protease-activating factor 1 (Apaf-1), and cytochrome c. A series of Bcl-2 family 
members including Bax, Bak, Bcl-2, Bcl-xL, Mcl-1, Bid, and Bim control the 
release of cytochrome c by regulating mitochondrial membrane permeabilization 
[ 43 ]. It has been reported that miR15-a and miR-16-1 target Bcl-2 to induce 
apoptosis, while Bcl-2 inhibits mitochondrial-mediated apoptosis, by infl uencing 
oligomerization of Bax and Bak at the posttranscriptional level. Additionally, 
overexpression of miR-15a-miR-16-1 in vitro can decrease Bcl-2 operation and 
then promote apoptosis [ 41 ]. miR-181c can target the 3′ untranslated region of Bcl- 
2, and the increased level of Bcl-2 caused by the decrease in miR-181c protects 
mitochondrial morphology from the tumor necrosis factor alpha-induced apoptosis 
[ 44 ]. miR-608 is reported to target Bcl-xL to regulate chordoma malignancy [ 45 ]. 
The tumor-suppressive activity of miR-133a is likely due to the targeted suppression 
of Bcl-xL and Mcl-1 expression [ 46 ]. Besides, the nuclear transcription factor p53 
can govern main apoptotic signals that mitochondria receive in the intrinsic pathway 
of apoptosis. miR-34a is a tie molecule between the p53 and SIRT1 and is composed 
of a p53/miR-34a/SIRT1 signal feedback loop, which can enhance apoptosis signal 
and signifi cantly promote cell apoptosis [ 47 ]. 

 The extrinsic pathway of apoptosis is initiated by the binding of death ligands 
such as Fas ligand (FasL), TNF-related apoptosis-inducing ligand (TRAIL), TNF-α, 
and TNF-like weak inducer of apoptosis (TWEAK) to death receptors in the TNF 
receptor (TNFR) superfamily [ 43 ]. TRAIL is an attractive therapeutic target in 
cancer because it directly induces tumor cell apoptosis. miR-221 and miR-222 
induce TRAIL resistance by directly targeting 30-UTRs of phosphatase and tensin 
homolog, tissue inhibitor of metalloproteinase-3 (TIMP3), and the cyclin-dependent 
kinase inhibitor p27kip1 [ 12 ]. miR-145, miR-216, miR-182, and miR-96 can 
interact with DR4/5 and Fas-associated death domain protein. Overexpression of 
these miRNAs reduce caspase-3 activation through TRAIL-induced apoptosis 
signaling [ 12 ]. miR-20a downregulates Fas expression in osteosarcoma cells, thus 
enhancing the metastatic capacity of osteosarcoma cells by promoting cell survival 
in the FasL-positive lung microenvironment [ 48 ]. 

 There are also other miRNA-mediated apoptosis pathways. For example, miR- 
125b- mitochondria-caspase-3 pathway plays a role in doxorubicin resistance in 
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human breast cancer [ 49 ]. And previous researches have shown that miRNA-221 
and miRNA-222 induce apoptosis via the KIT/AKT signaling pathway in gastroin-
testinal stromal tumors [ 50 ].  

5.2.4     Necrosis 

 Necrosis has always been considered to be almost “accidental” cell death, a random, 
uncontrolled process. However, emerging evidence has shown that necrosis can be 
induced and regulated in a similar manner to apoptosis. Regulated necrosis is termed 
“programmed necrosis” or “necroptosis” to distinguish this process from necrosis 
induced by physical trauma [ 43 ]. Necroptosis can be induced by the activation of 
the TNF receptor superfamily, T-cell receptors, interferon receptors, toll-like 
receptors (TLRs), cellular metabolic and genotoxic stresses, or various anticancer 
agents [ 51 ]. Receptor-interacting protein kinases (RIPK), poly(ADPribose) 
polymerase-1(PARP1), NADPH oxidases, and calpains have also been identifi ed as 
signaling components of necroptosis pathways in cancer [ 41 ]. Ensuing local 
infl ammation induced by necroptosis may promote tumor growth. However, at 
present, study on how miRNAs regulate necroptotic cell death is still in its infancy. 

 Tumor necrosis factor-α (TNF-α) triggers necroptotic cell death through an 
intracellular signaling complex containing RIPK1 and RIPK3 called the necrosome. 
RIPK1 phosphorylates RIPK3, which phosphorylates the pseudokinase mixed 
lineage kinase domain-like (MLKL), driving its oligomerization and membrane- 
disrupting necroptotic activity [ 52 ]. miR-155 has been reported to prevent 
necroptosis in human cardiomyocyte progenitor cells by directly targeting RIP1 
[ 43 ], and overexpressing miR-155 in cardiomyocyte progenitor cells (CMPCs) 
reveals that miR-155 attenuates necrotic cell death by 40 ± 2.3 % via targeting 
receptor-interacting protein 1 (RIP1) [ 53 ]. 

 Caspase-8 is a cysteine protease that is critically involved in regulating cellular 
apoptosis and has recently been shown to be important in regulating necrotic cell 
death. The RIP3 is a key signaling molecule in the necroptosis pathway. Caspase-8 
has been demonstrated to be able to cleave and inactivate RIP3 and prevent the 
pathway of necroptosis. Caspase-8 is a target of miR-874 in the necrotic pathway. 
Foxo3a regulates caspase-8 expression and the consequent myocardial necrosis 
through targeting miR-874 [ 54 ]. 

 To date, no report has demonstrated how miRNAs regulate other key necroptotic 
factors, including RIP3, MLKL, and PGAM5 [ 43 ].  

5.2.5     Autophagy 

 Autophagy is a catabolic process that allows cellular macromolecules to be broken 
down and recycled into metabolic precursors. It is a highly conserved, critical pro-
cess, allowing cells to gain survival advantages under various stress situations due 
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to growth and environmental changes. The process involves enwrapping fractions 
of the cytoplasm until a double-membrane autophagic vacuole (autophagosome) is 
formed. The pathways and genes, such as multiple autophagy- related genes (ATGs), 
involved in autophagy that have been identifi ed in detail in recent years include 
ATG1, ATG4, LC3/ATG8, and beclin-1. Autophagy serves a dichotomous role in 
cancer, and recent advances have helped delineate the appropriate settings where 
inhibiting or promoting autophagy may confer therapeutic effi cacy in patients [ 55 ]. 
Silencing Dicer1, an essential processor of miRs, increases levels of ATG protein 
and formation of autophagosomes in cells, indicating that miRs regulate autophagy 
[ 56 ]. Accumulating evidence indicates that miRNAs contribute signifi cantly to 
autophagy in cancer mainly through the three following pathways. 

 miRNAs regulates the expression of key autophagy-related proteins. miR-30a is 
a potent inhibitor of autophagy by downregulating Beclin-1. miR-30a in human 
renal cell carcinoma (RCC) interferes with the effectiveness of sorafenib-mediated 
apoptosis by an autophagy-dependent pathway. Expression of miR-30a is 
signifi cantly downregulated in several RCC tissues and in RCC cell lines. 
Accordingly, its targeted gene Beclin-1 is upregulated. Sorafenib activates autophagy 
in RCC cells (786-0 and A489 lines), evidenced by p62 degradation, Beclin-1/
autophagy protein 5 (ATG-5) upregulation, and light chain (LC)3B-I/-II conversion. 
Exogenously expressing miR-30a in 786-0 or A489 cells inhibits Beclin-1 expression 
and enhances sorafenib-induced cytotoxicity [ 57 ]. The ability of miR106B and 
miR93 to regulate ATG transcripts in human cancer cell lines (HCT116, SW480, 
HeLa, and U2OS) is studied using luciferase report assays and bioinformatics 
analyses. Results show that miR106B and miR93 target ATG16L1 messenger RNA 
which they reduce levels of ATG16L1. In contrast, miR106B and miR93 antagonists 
increase formation of autophagosomes [ 56 ]. What’s more, miR-375 has been 
reported to inhibit autophagy through its target, ATG7, in hepatocellular carcinoma 
(HCC) cells [ 58 ]. miR-376b expression targets ATG4C and beclin-1, which, in turn, 
downregulate autophagy induced by nutrition starvation and rapamycin in breast 
cancer cells [ 59 ]. Meanwhile, ectopic expression of miR-7 in human lung cancer 
and esophageal cancer cell lines enhances autophagy by suppressing epidermal 
growth factor receptor (EGFR) expression [ 60 ]. 

 miRNAs mediate autophagy in genotoxic stress and hypoxia. Hypoxia plays an 
important role in the tumor microenvironment by allowing the development and 
maintenance of cancer cells. Studies have shown that hypoxia-inducible factor 1 
(HIF-1) regulates a panel of microRNAs, whereas some of microRNAs target HIF- 
1. For example, miR-210 has emerged as the predominant miRNA regulated by 
hypoxia. Hypoxia-induced miR-210 can repress glycerol-3-phosphate 
dehydrogenase 1-like (GPD1L), which, in turn, stabilizes HIF-1α by reducing 
hyperhydroxylation [ 61 ]. miR-96 can promote or inhibit autophagy by principally 
inhibiting MTOR or ATG7 depending on the expression levels of miR-96. Inhibition 
of miR-96 abolishes hypoxia-induced autophagy [ 62 ]. Under hypoxia, HIF-1α 
induces miRNA-210 which in turn enhances autophagy and reduces radiosensitivity 
by downregulating Bcl-2 expression in colon cancer cells [ 63 ]. miR-137, which 
targets the expression of two mitophagy receptors NIX and FUNDC1, markedly 
inhibits mitochondrial degradation by autophagy without affecting global autophagy. 
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Impaired mitophagy in response to hypoxia caused by miR-137 is reversed by 
re-expression of FUNDC1 and NIX expression vectors lacking the miR-137 recog-
nition sites at their 3′ UTR [ 64 ]. 

 miRNA is involved in p53-mediated autophagy. A number of previous studies 
have reported the direct involvement of p53 in autophagy. The cytoplasmic pool of 
p53 suppresses autophagy under nutrient deprivation [ 60 ]. P53 also functions as a 
key regulator of autophagy, a catabolic pathway for degradation and recycling of 
proteins and cellular organelles, which has been shown to be dysregulated in cancers 
[ 65 ]. Previous studies suggest that some of the p53-mediated miRNAs may play 
important roles in autophagy. miR44 induces autophagy in lung cancer cells by 
targeting the p53-induced glycolysis and apoptosis regulator TIGAR [ 66 ]. In colon 
cancer, miR-502 inhibits autophagy by suppression of Rab1B, a critical mediator of 
autophagy. The expression of miR-502 is regulated by p53 via a negative feedback 
regulatory mechanism [ 65 ].   

5.3     lncRNA in Growth and Death of Cancer Cells 

 Although studies of small regulatory RNAs, in particular miRNAs, have dominated 
the fi eld of RNA biology during the past decade, a surprisingly broad spectrum of 
biological processes is also associated with lncRNAs. Over the past several years, 
accumulated data have begun to advance the idea that lncRNAs are not just 
transcriptional noise or cloning artifacts but important supplements to proteins and 
other effectors in complex regulatory networks. Thus, the focus of scientists is now 
shifting to one of the most poorly understood yet most common products of 
transcription from genomes: lncRNAs [ 13 ]. The most commonly used defi nition of 
lncRNA is an RNA molecule that is longer than 200 nucleotides and that is not 
translated into a protein. However, this defi nition may be too simple and does not 
take into account certain issues. For example, the same RNA can contain both 
protein-coding genes (PCGs) and noncoding functions. Furthermore, a PCG is 
usually defi ned as a transcript that contains an open reading frame (ORF) longer 
than 100 amino acids, while lncRNAs can contain ORFs longer than 100 amino 
acids and not necessarily synthesize polypeptides [ 67 ]. Although the nomenclature 
is still evolving, lncRNA typically refers to a polyadenylated long ncRNA that is 
transcribed by RNA polymerase II and associated with epigenetic signatures 
common to protein-coding genes, such as trimethylation of histone 3 lysine 4 
(H3K4me3) at the transcriptional start site (TSS) and trimethylation of histone 3 
lysine 36 (H3K36me3) throughout the gene body [ 68 ]. Besides, advances in the 
depth and quality of transcriptome sequencing have revealed many new classes of 
lncRNAs. The existing classifi cations of lncRNAs rest on their descriptive and 
distinctive properties including their size, their localization, and their function, 
which have been discussed in previous reviews [ 69 ]. 

 lncRNA genes are interspersed in the genome in various possible locations in 
relation to protein-coding transcripts, such as overlapping, intergenic, or divergent 
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transcripts. Transcription of lncRNAs follows the same rules as for protein-coding 
genes and is executed by RNA Pol II. Functions of lncRNAs are executed by 
multiple modes of action and can occur both in the nucleus and in the cytosol. In 
contrast to miRNAs, which are highly conserved and mainly involved in negative 
regulation of gene expression at the posttranscriptional level, lncRNAs are poorly 
conserved and can regulate gene expression (either positively or negatively) at 
numerous levels by a variety of mechanisms, some of which are yet to be 
characterized [ 2 ]. It is now becoming evident that lncRNAs are important 
transcriptional outputs of the genome. Generally, lncRNAs have been implicated in 
gene-regulatory roles, such as chromosome dosage compensation, imprinting, 
epigenetic regulation, cell cycle control, nuclear and cytoplasmic traffi cking, 
transcription, translation, splicing, cell differentiation, and others. Multiple lines of 
evidence demonstrate that a number of characterized lncRNAs are implicated in a 
spectrum of biological processes and that misregulated lncRNA expression can 
cause various human diseases and cancers [ 13 ]. Transcription of individual lncRNAs 
involved in different biological processes occurs in developmental stage-, tissue-, 
and organ-specifi c patterns. Thus, lncRNAs can function as molecular markers that 
signal the space, time, and expression of gene transcription, specifi cally refl ecting 
the integrative biological outcome of transcription factors and signaling pathways 
controlling gene expression in space and time [ 10 ]. 

 In this section, we will focus on summarizing the functions and mechanisms of 
lncRNAs that have been linked to cancer through regulating the proliferation, cell 
cycle, apoptosis, necroptosis, and autophagy of cancer cells. 

5.3.1     Proliferation 

 As lncRNAs are crucial regulators of gene expression, it is expected that their 
misregulation will lead to abnormal cellular function and growth defects and cause 
cancer diseases [ 14 ]. lncRNAs have been detected in cancer by various techniques 
including expression microarrays, tiling arrays, next-generation sequencing, and 
methylation analysis. These approaches have led to the identifi cation of a wide 
range of lncRNAs whose expression is signifi cantly associated with cancerous 
tissues [ 70 ]. The abundance of these transcripts in cancer suggests that lncRNA- 
mediated biology occupies a central place in cancer proliferation. lncRNAs are 
abundant during embryogenesis and reactivation, or non-suppression of some of 
these fetal lncRNAs may critically regulate pluripotency and uninhibited cellular 
growth, thus giving rise to adult or developmental cancers [ 14 ]. lncRNAs act 
through a variety of mechanisms in cancer cell proliferation such as remodeling of 
chromatin, transcriptional co-activation or co-repression, and protein inhibition, as 
posttranscriptional modifi ers or decoy elements [ 71 ]. 

 Accumulating evidence suggests that a major role of lncRNAs is to guide the site 
specifi city of chromatin-modifying complexes to effect epigenetic changes in 
cancer cell proliferation. The well-characterized lncRNAs ANRIL, XIST, HOTAIR, 
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and KCNQ1OT1 are able to recruit epigenetic modifi ers to specifi c loci to reprogram 
the chromatin state [ 71 ]. ANRIL is signifi cantly upregulated in gastric cancer, and 
it can promote cell proliferation and inhibit cell apoptosis by silencing of miR99a 
and miR449a transcription [ 72 ]. XIST expression is upregulated in glioma tissues 
and human glioblastoma stem cells (GSCs). Knockdown of XIST exerts tumor- 
suppressive functions by reducing cell proliferation, migration, and invasion as well 
as inducing apoptosis. Mechanistic investigations have defi ned that XIST and miR- 
152 are in the same RNA-induced silencing complex (RISC) so that miR-152 
mediates the tumor-suppressive effects that the knockdown of XIST exerts [ 73 ]. 
HOTAIR promotes the proliferation of serous ovarian cancer cells by at least partly 
regulating certain cell cycle- and apoptotic-related genes, including cyclin E, Bcl-2, 
caspase-9, caspase-3, and BRCA1 [ 74 ]. A novel short tandem repeat (STR) 
polymorphism within KCNQ1OT1 contributes to hepatocellular carcinoma (HCC) 
cell proliferation, possibly by affecting KCNQ1OT1 and CDKN1C expression 
through a structure-dependent mechanism, but further functional studies are needed 
to validate the hypothesis [ 75 ]. 

 Other lncRNAs have been found to be key regulators of the protein signaling 
pathways underlying cancer cell proliferation. The ability of lincRNA-p21 to 
promote tumor growth is validated in mouse xenograft models. After loss of lin-
cRNA p21, hnRNP-K is inappropriately localized at the promoters of p53- repressed 
genes, which results in deregulated expression and altered chromatin states of poly-
comb target genes, a defective G1/S checkpoint, increased proliferation rates, and 
enhanced reprogramming effi ciency [ 9 ]. Estrogen plays a critical role in cancer 
development and progression. H19 is an estrogen-inducible lncRNA and mediates 
17β-estradiol-induced cell proliferation in MCF-7 breast cancer cells through the 
mechanism in which 17β-estradiol produces a dose- and time-dependent induction 
of H19 expression in MCF-7 cells, which is mediated via ERα as evident by the 
blockade of this 17β-estradiol effect with ICI 182780, a specifi c ER antagonist and 
knockdown of ERα using specifi c RNAi [ 76 ]. Steroid receptor RNA activator 
(SRA) noncoding RNA and SRA protein together regulates estrogen receptor 
signaling pathways and plays a critical role in breast cancer cell proliferation [ 77 ]. 

 Some lncRNAs are constituents of macromolecular with roles in RNA processing 
during cancer cell proliferation. MALAT1, a highly conserved long noncoding 
RNA, which is thought to act at a posttranscriptional level by controlling alternative 
splicing of pre-mRNAs [ 71 ], is deregulated in several types of cancers. Emerging 
evidences have shown that MALAT1 has been linked to an increase in cancer cell 
proliferation. MALAT1 contributes to proliferation and metastasis in esophageal 
squamous cell carcinoma [ 78 ], and silencing of MALAT1 by miR-101 and miR-217 
inhibits proliferation of esophageal squamous cell carcinoma cells [ 79 ]. Other 
lncRNAs can also act as decoys, sequestering biomolecules and preventing them 
from fulfi lling their cellular functions. An example of this mechanism is represented 
by the PTENP1 restricting cell proliferation by acting as a microRNA decoy for the 
tumor suppressor PTEN [ 71 ]. miR-21 regulates the potential anticancer effects of 
icariin on cell proliferation and apoptosis by targeting PTEN, RECK, and Bcl-2 in 
the ovarian cancer A2780 cells [ 80 ]. In HCC, the overexpressed PTENP1 represses 
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the oncogenic PI3K/AKT pathway and inhibits the HCC proliferation in vivo, 
which is accompanied by enhanced apoptosis, autophagy, and dampened 
angiogenesis/neovasculature maturation [ 81 ]. 

 In addition, there is evidence that lncRNA is involved in the self-renewal 
maintenance of cancer stem cells (CSCs). Using transcriptome microarray analysis, 
lncTCF7 is identifi ed as being required for liver CSC self-renewal and tumor 
propagation through Wnt signaling. Mechanistically, lncTCF7 recruits the SWI/
SNF complex to the promoter of TCF7 to regulate its expression, leading to 
activation of Wnt signaling [ 82 ]. MALAT1 is reported to increase the proportion of 
pancreatic CSCs, maintain self-renewing capacity, decrease the chemosensitivity to 
anticancer drugs, and accelerate tumor angiogenesis in vitro. The potential 
mechanism may be that MALAT1 functions as endogenous sponge RNA to interact 
with miR-200c and miR-145, and upregulates the expression of their target gene 
Sox2, leading to enhanced stem cell-like phenotypes [ 83 ].  

5.3.2     Cell Cycle 

 The connection between the cell cycle and cancer is obvious: cell cycle machinery 
controls cell proliferation, and cancer is a disease of inappropriate cell proliferation. 
At least two types of cell cycle control mechanisms are recognized: a cascade of 
protein phosphorylations that relay a cell from one stage to the next and a set of 
checkpoints that monitor completion of critical events and delay progression to the 
next stage if necessary. The fi rst type of control involves a highly regulated kinase 
family, and the progress through the cycle is accomplished in part by the regulated 
activity of numerous cyclin-CDK complexes [ 84 ]. The cyclin-dependent kinases 
(CDKs) are a family of serine/threonine kinases controlling progression through the 
cell cycle. The regulatory subunits of the CDKs, known as cyclins, form complexes 
with their catalytic partner to function as checkpoint kinases of specifi c proteins that 
regulate progression through the cell cycle. The cyclin-CDK complexes govern a 
linear progression of events that lead cells from a resting state (G0), growth phase 
(G1), through DNA replication (S), and fi nally to cell division (M) [ 85 ]. The second 
type of cell cycle regulation is not an essential part of the cycle progression 
machinery. Cell cycle checkpoints sense fl aws in critical events such as DNA 
replication and chromosome segregation. When checkpoints are activated, for 
example, by underreplicated or damaged DNA, signals are relayed to the cell cycle 
progression machinery [ 84 ]. Previous work has shown that many lncRNAs have 
been involved in cell cycle regulation of cancer cells, but many lncRNAs that have 
a functional role in cell cycle regulation remain to be identifi ed because the functions 
of only a small percentage of the total lncRNA population are understood. To clarify 
the roles of lncRNAs in cell cycle regulation, it should be determined how they 
regulate the target cell cycle regulators and which signaling pathways induce these 
lncRNAs. 
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 Mutations of checkpoint proteins are frequent in all types of cancer. The tumor 
suppressor protein p53 is a sequence-specifi c DNA-binding protein that is able to 
induce either cell cycle arrest or apoptosis at the cell cycle checkpoints [ 86 ]. 
Although p53 is unstable, it is stabilized and activated via phosphorylation mediated 
by the ATM/ATR pathway in response to DNA damage. Moreover, p53 is also 
regulated via phosphorylation at various sites by specifi c kinases [ 87 ]. A prominent 
p53-induced lncRNA termed lncRNA activator of enhancer domains (LED) is 
required for p53-induced cell cycle arrest and is involved in the activation of a 
subset of p53-bound and p53-unbound enhancers by inducing an epigenetic change. 
Chromatin-binding and eRNA expression analyses show that LED associates with 
and activates strong enhancers. One prominent target of LED is located at an 
enhancer region within CDKN1A gene, a potent p53-responsive cell cycle inhibitor. 
LED knockdown reduces CDKN1A enhancer induction and activity and cell cycle 
arrest following p53 activation [ 88 ]. MALAT1, an abundant nuclear-retained 
lncRNA, is overexpressed in several cancers, and its elevated expression has been 
associated with hyper-proliferation and metastasis. Recent studies show that 
MALAT1 modulates the expression of cell cycle genes and is required for G1/S and 
mitotic progression. Depletion of MALAT1 leads to activation of p53 and its target 
genes. The cell cycle defects observed in MALAT1-depleted cells are sensitive to 
p53 levels, indicating that p53 is a major downstream mediator of MALAT1 activity. 
Furthermore, MALAT1-depleted cells display reduced expression of B-MYB 
(Mybl2), an oncogenic transcription factor involved in G2/M progression, due to 
altered binding of splicing factors on B-MYB pre-mRNA and aberrant alternative 
splicing [ 89 ]. Moreover, there are more lncRNA-regulated cell cycle proteins. The 
transcription factor MYC is known to regulate lncRNAs and has been implicated in 
cancer cell proliferation and tumorigenesis. MYC-regulated lncRNAs, named 
MYCLos, function in cell proliferation and cell cycle by regulating MYC target 
genes such as CDKN1A (p21) and CDKN2B (p15) [ 90 ]. A recently identifi ed 
lncRNA mapped to chromosome 8q24 is found to be generally upregulated in colon 
cancer tissues compared to their neighboring normal tissues. CARLo-5 knockdown 
inhibits GC cell growth through inducing G0/G1 arrest and apoptosis. That p27, 
p21, and p16 protein expression levels are increased with inhibition of CARLo-5 
expression shows CARLo-5 has a role in regulating cell cycle genes, but the precise 
underlying mechanism still needs to be revealed [ 91 ]. 

 lncRNAs also play a role in the cell cycle arrest of cancer development. lncRNAs 
are induced in a p53-dependent manner, suggesting that they are induced by DNA 
damage. Also, these reported lncRNAs may participate in cell cycle arrest [ 87 ]. 
There are other lncRNA-related cell cycle arrest pathways. BRAF-activated 
noncoding RNA (BANCR), an lncRNA, is crucial for cell migration in melanoma 
cells and non-small cell lung cancer (NSCLC) cells. Downregulation of BANCR 
contributes to the induction of G0/G1 cell cycle arrest of colorectal cancer cells, at 
least in part, through the regulation of p21 protein [ 92 ]. AK001796, the lncRNA 
with the most clearly altered expression, is overexpressed in lung cancer tissues and 
cell lines, but its expression is downregulated in resveratrol-treated lung cancer 
cells. AK001796 knockdown causes a cell cycle arrest, with signifi cant increases in 
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the percentage of cells in G0/G1 in lung cancer cells. The cell cycle-associated 
genes up- or downregulated directly or indirectly by lncRNA AK001796 knockdown 
include (i) TFDP2, which encodes a protein that forms heterodimers with the E2F 
transcription factors, resulting in the transcriptional activation of cell cycle-regulated 
genes; (ii) CDC6, which encodes a protein that functions as a regulator of the early 
steps of DNA replication; (iii) ATR, a cell cycle-checkpoint gene required for cell 
cycle arrest and DNA damage repair in response to DNA damage; (vi) and CCNB1, 
which encodes a regulatory protein involved in the cell cycle [ 93 ].  

5.3.3     Apoptosis 

 The mechanisms of apoptosis are highly complex and sophisticated, involving an 
energy-dependent cascade of molecular events. To date, research indicates that 
there are two main apoptotic pathways: the extrinsic or death receptor pathway and 
the intrinsic or mitochondrial pathway. However, there is now evidence that the two 
pathways are linked and that molecules in one pathway can infl uence the other [ 94 ]. 
While the role of miRNAs in apoptosis control is well established, lncRNAs have 
received less attention, especially in extrinsic apoptosis pathway. Further studies 
about the lncRNA-mediated apoptosis pathways are needed. 

 P53, the gene most commonly mutated in human cancer, is a major regulator of 
mitochondrial apoptosis. P53 is essential for the cellular response to DNA-damaging 
stimuli to maintain genomic integrity of cells, mainly by activating a gene expression 
program that leads to cell cycle arrest or elimination of the damaged cells through 
programmed cell death, including apoptosis [ 95 ]. Of signifi cant interest, recent 
studies suggest that lncRNAs participate in the p53 apoptosis pathway. P53- 
regulated lincRNA-p21 expression plays an important role in triggering apoptosis. 
HuR is a ubiquitous RBP that infl uences cell proliferation, survival, carcinogenesis, 
and the stress and immune responses. Association of the RNA-binding protein HuR 
with lincRNA-p21 favors the recruitment of let-7/Ago2 to lincRNA-p21, leading to 
lower lincRNA-p21 stability. Under reduced HuR levels, lincRNA-p21 accumulates 
in human cervical carcinoma HeLa cells, increasing its association with JUNB and 
CTNNB1 mRNAs and selectively lowering their translation [ 96 ], resulting in 
suppressed apoptosis. The expression of lnc_bc060912 is repressed by p53. In 
human lung carcinoma cells, researches using a recently developed method for 
RNA pulldown with formaldehyde cross-linking found that lnc_bc060912 interacted 
with the two DNA damage repair proteins PARP1 and NPM1. The results suggest 
that lnc_bc060912, via PARP1 and NPM1, affects cell apoptosis and plays important 
roles in tumorigenesis and cancer progression [ 97 ]. Maternally expressed gene 
3(MEG3), an lncRNA, represents as a tumor suppressor gene, and its ectopic 
expression can inhibit cell proliferation and promote cell apoptosis in human glioma 
cell line. Accumulation of p53 (TP53) protein and its target gene expression partly 
contribute to cell growth inhibition induced by MEG3. MEG3 is signifi cantly 
downregulated in non-small cell lung cancer (NSCLC) tissues that can be affected 
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by DNA methylation and regulates NSCLC cell proliferation and apoptosis, partially 
via the activation of p53 [ 98 ]. DNA damage can induce fi ve lncRNAs from the 
CDKN1A promoter, and one such lncRNA, named promoter of CDKN1A antisense 
DNA damage-activated RNA (PANDAR), is induced in a p53-dependent manner. 
Moreover, PANDAR interacts with the transcription factor NF-YA to limit the 
expression of pro-apoptotic genes. PANDAR is a direct transcriptional target of 
p53 in NSCLC cells. PANDAR-mediated growth regulation is in part due to the 
transcriptional modulation of Bcl-2 by interacting with NF-YA, thus affecting 
NSCLC cell apoptosis [ 99 ]. 

 There are also other mitochondrial apoptosis pathways. BCL-X is a key apoptotic 
member of the BCL-2 gene family that modulates tumor cell death and growth. 
Alternative splicing of exon 2 in the BCL-X pre-mRNA produces two isoforms, 
BCL-XL and BCL-XS, which have been shown to exert antagonistic functions in 
the apoptotic pathway. A lncRNA named INXS, transcribed from the opposite 
genomic strand of BCL-X, is fi ve- to ninefold less abundant in tumor cell lines from 
the kidney, liver, breast, and prostate and in kidney tumor tissues compared with 
nontumors. Three apoptosis-inducing agents increase INXS lncRNA endogenous 
expression in the 786-O kidney tumor cell line, increase BCL-XS/BCL-XL mRNA 
ratio, and activate caspase-3, caspase-7, and caspase-9 in the mitochondrially 
mediated apoptosis pathway. These effects are abrogated in the presence of INXS 
knockdown. Similarly, ectopic INXS overexpression causes a shift in splicing 
toward BCL-XS and activation of caspases, thus leading to apoptosis. The 
overexpression of INXS lncRNA causes a signifi cant activation of caspase-3, 
caspase-7, and caspase-9, the major caspases in the mitochondrially mediated 
apoptosis pathway, but has no effect on initiator caspase-8 of the death receptor 
extrinsic pathway [ 100 ]. Growth arrest-specifi c 5 (GAS5) encodes multiple 
snoRNAs within its introns, while exonic sequences produce lncRNA which can act 
as a riborepressor of the glucocorticoid and related receptors. GAS5 negatively 
regulates the survival of lymphoid and breast cells and is aberrantly expressed in 
several cancers. In prostate cancer, high levels of GAS5 lncRNA expression promote 
basal apoptosis and enhance the action of a range of apoptotic stimuli [ 101 ]. The 
HOX transcript antisense RNA (HOTAIR) gene is located within the homeobox C 
(HOXC) gene cluster on chromosome 12 and encodes a 2.2 kb lncRNA molecule. 
In serous ovarian cancer (SOC), HOTAIR is found to regulate apoptosis-related 
protein such as cyclin E, bcl-2, caspase-9, caspase-3, and BRCA1, but further 
studies are required to explore the underlying molecular mechanism [ 74 ]. 

 There are few studies about lncRNA-mediated extrinsic apoptosis pathway. In 
gastric cancer, the expression of MRP1 and P-glycoprotein is founded decreased 
signifi cantly in SGC7901/DDP and BGC823/DDP cells using siRNA to interfere 
with lncRNA AK022798 expression, and their apoptosis and the expressions of 
caspase-3 and caspase-8 obviously increase [ 102 ]. HOXA cluster antisense RNA 2 
(HOXA-AS2) is a long noncoding RNA located between the HOXA3 and HOXA4 
genes in the HOXA cluster. Its transcript is expressed in NB4 promyelocytic 
leukemia cells and human peripheral blood neutrophils, and the expression is 
increased in NB4 cells treated with all-trans-retinoic acid (ATRA). Knockdown of 
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HOXA-AS2 expression by transduced shRNA decreases the number of viable cells 
and increases the proportion of apoptotic cells, measured by annexin V binding and 
by activity and cleavage of caspase-3, caspase-8, and caspase-9. The increase in 
death of HOXA-AS2 knockdown cells is accompanied by an elevated TNF-related 
apoptosis-inducing ligand (TRAIL) levels, but ATRA-induced NB4 cells treated 
with TRAIL show an increase in HOXA-AS2 expression. These results demonstrate 
that ATRA induction of HOXA-AS2 suppresses ATRA-induced apoptosis, possibly 
through a TRAIL-mediated pathway. HOXA-AS2-mediated negative regulation 
thus contributes to the fi ne-tuning of apoptosis during ATRA-induced myeloid 
differentiation in NB4 cells [ 103 ].  

5.3.4     Necrosis 

 Regulated necrosis is termed “programmed necrosis” or “necroptosis” to distinguish 
this process from necrosis induced by physical trauma. Necroptosis can be induced 
by the engagement of the TNF receptor superfamily, T-cell receptor (TCR), 
interferon receptors (IFNRs), toll-like receptors (TLRs), cellular metabolic and 
genotoxic stresses, and a number of anticancer agents [ 43 ]. While still lacking 
enough investigation, emerging studies have shown that lncRNAs participate in 
controlling necrosis of cancer cells. 

 The aberrant expression of lncRNAs is detected during genotoxic stress-induced 
necrosis in human glioma cells. A change in the expression of specifi c candidate 
lncRNAs (neat1, GAS5, TUG1, BC200, MALAT1, MEG3, MIR155HG, PAR5, and 
ST7OT1) is detected during DNA damage-induced apoptosis in human glioma cell 
lines (U251 and U87) using doxorubicin (DOX) and resveratrol (RES). The 
expression pattern of these lncRNAs is also detected in human glioma cell lines 
under necrosis induced using an increased dose of DOX. The results reveal that the 
lncRNA expression patterns are distinct between genotoxic stress-induced apoptosis 
and necrosis in human glioma cells. The sets of lncRNA expressed during genotoxic 
stress-induced apoptosis are DNA-damaging agent specifi c. Potentially, these 
lncRNAs are involved in an apoptotic signaling pathway rather than a necrotic 
signaling pathway. But TUG1 and BC200 are only involved in necrosis rather than 
apoptosis [ 104 ]. Future studies are necessary to elucidate the function and 
mechanisms of the regulation of individual lncRNAs in necrosis.  

5.3.5     Autophagy 

 The role of autophagy in cancer cells is still under investigation. It seems that 
autophagy function depends on several factors, for example, step of tumor formation, 
tissue origin, and gene mutations existing in specifi c cancer type. Some cancer types 
like human pancreatic cancers with constitutive Ras activation have elevated levels 
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of autophagy that contributes to their growth and survival. Conversely, other tumor 
types like human breast, ovarian, and prostate cancers have allelic deletions of the 
essential autophagy regulator Beclin 1, indicating that decreased autophagy may 
promote tumor development [ 105 ]. In general, autophagy is activated in cancer cells 
and contributes to tumor cell survival. Autophagy is fi rst linked to human cancer 
through the identifi cation of Beclin 1, and later a number of studies show that ATG 
genes and others are also oncogenically associated [ 106 ]. lncRNA controls 
autophagy through regulating a series of autophagy-related proteins in cancer cells. 

 lncRNA PTENP1 is a pseudogene of the tumor suppressor gene PTEN. The 
molecular mechanisms of how PTENP1 represses the tumorigenic properties of 
hepatocellular carcinoma (HCC) cells are related with lncRNA-mediated autophagy 
pathway. A recent study shows that PTENP1 and PTEN are downregulated in 
several HCC cells. Sleeping Beauty (SB)-based hybrid baculovirus (BV) vectors 
are constructed for sustained PTENP1 lncRNA expression. Cotransduction of HCC 
cells with the SB-BV vector expressing PTENP1 elevates the levels of PTENP1 and 
PTEN, which suppresses the oncogenic PI3K/AKT pathway-induced autophagy. 
The overexpressed PTENP1 decoys oncomirs miR-17, miR-19b, and miR-20a, 
which would otherwise target PTEN, PHLPP (a negative AKT regulator), and such 
autophagy genes as ULK1, ATG7, and p62, indicating that PTENP1 modulates the 
HCC cell behavior and gene networks by miRNA regulation. Injection of the 
PTENP1-expressing SB-BV vector into mice bearing HCC tumors effectively 
mitigates the tumor growth, suppresses intratumoral cell proliferation, elicits 
apoptosis and autophagy, and inhibits angiogenesis [ 81 ]. 

 A frontier study shows that an lncRNA named autophagy promoting factor 
(APF) can regulate autophagic cell death by targeting miR-188-3p and ATG7. The 
results show that miR-188-3p suppresses autophagy and myocardial infarction by 
targeting ATG7. Further, APF lncRNA regulates miR-188-3p and thus affects ATG7 
expression, autophagic cell death, and myocardial infarction. The study reveals a 
novel regulating model of autophagic program, which comprises APF, miR-188-3p, 
and ATG7 in cardiovascular diseases [ 107 ]. 

 High oncogenic BRAF levels have been shown to initiate autophagy, and it has 
also been speculated that BANCR can be involved in the regulation of autophagy, 
which is involved in tumor progression. BRAF-activated lncRNA (BANCR) is 
overexpressed in melanoma and has a potential functional role in melanoma cell 
migration. BANCR levels are signifi cantly higher in the papillary thyroid carcinoma 
(PTC) tissues and PTC IHH-4 cells compared with the normal controls. Knockdown 
of BANCR in the IHH-4 cells inhibits proliferation and increases apoptosis of the 
cells in vitro. Further investigation of the underlying mechanisms reveals that 
BANCR markedly activates autophagy. Overexpression of BANCR inhibits 
apoptosis in the IHH-4 cells, whereas inhibition of autophagy stimulates apoptosis 
in the BANCR-overexpressed cells. BANCR overexpression also increases cell 
proliferation and the inhibition of autophagy abrogates BANCR overexpression- 
induced cell proliferation. In addition, the overexpression of BANCR results in an 
increase in the ratio of LC3-II/LC3-I, a marker for autophagy, while the knockdown 
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of BANCR decreases the ratio of LC3-II/LC3-I. Additionally, BANCR increases 
PTC cell proliferation, which can activate autophagy [ 108 ]. 

 Maternally expressed gene 3 (MEG3) is an imprinted gene that encodes an 
lncRNA associated with tumorigenesis. MEG3 levels are signifi cantly reduced in 
bladder cancer tissues compared with normal controls, and autophagy activity is 
increased in bladder cancer tissues. A signifi cant negative correlation is observed 
between MEG3 levels and LC3-II (autophagy marker) levels in vivo. MEG3 is 
further demonstrated to markedly suppress autophagy activation, whereas MEG3 
knockdown activates autophagy in human bladder cancer cell lines. Downregulated 
expression of MEG3 inhibits cell apoptosis, whereas autophagy inhibition increases 
MEG3-knockdown cell apoptosis. MEG3 knockdown also increases cell 
proliferation. More importantly, autophagy inhibition abrogates MEG3-knockdown- 
induced cell proliferation. Overall data has demonstrated that downregulated MEG3 
activates autophagy and increases cell proliferation in bladder cancer [ 109 ].   

5.4     Other ncRNAs in Growth and Death of Cancer Cells 

 By sitting at the intersection of complex circuitries that integrate transcriptional, 
posttranscriptional, and epigenetic control, ncRNAs exert a pervasive function on 
cell regulation [ 2 ]. Studies have shown that tumor tissue and normal tissue exhibit 
distinct noncoding RNA expression profi les, and the aberrant noncoding RNAs can 
play an important role in cancer development [ 9 ]. However, the biological functions 
of most ncRNAs remain largely unknown. Recently, evidence has begun to 
accumulate, describing how ncRNAs are dysregulated in growth and death of cancer 
cells. In addition to miRNAs and lncRNAs, other ncRNA species are also gaining a 
greater appreciation for their role in carcinogenesis, although further investigation 
is needed to unveil the underlying mechanisms. To date, except the most studied 
miRNAs and lncRNAs, ncRNAs which have been reported involved in growth and 
death of cancer cells include piRNA, siRNA, circRNA, rRNA, tRNA, snRNA, and 
snoRNA. 

 rRNA, tRNA, snRNA, and snoRNA belong to the housekeeping noncoding RNA 
family. rRNA is the RNA component of the ribosome and essential for protein 
synthesis in all living organisms. It constitutes the predominant material within the 
ribosome. The ribosomal RNAs form two subunits, the large subunit (LSU) and 
small subunit (SSU). The LSU rRNA acts as a ribozyme, catalyzing peptide bond 
formation. The regulation of rRNA transcription is physiologically important 
because the rate of rRNA transcription is coupled tightly to ribosome biogenesis, 
which subsequently determines the capacity of cells to grow and proliferate [ 110 ]. 
rRNA has been reported in controlling proliferation and autophagy of cancer cells. 
tRNA is an adaptor molecule composed of RNA, typically 76–90 nucleotides in 
length, which serves as the physical link between the nucleotide sequence of nucleic 
acids (DNA and RNA) and the amino acid sequence of proteins by carrying an 
amino acid to the protein synthetic machinery of a cell as directed by a three- 
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nucleotide sequence in a mRNA. As such, tRNAs are a necessary component of 
protein translation, the biological synthesis of new proteins according to the genetic 
code [ 111 ]. tRNA has been reported in controlling proliferation of cancer cells. 
snRNA is a class of small RNA molecules that are found within the splicing speckles 
and Cajal bodies of the cell nucleus in eukaryotic cells. The length of an average 
snRNA is approximately 150 nucleotides. They are transcribed by either RNA 
polymerase II or RNA polymerase III, and studies have shown that their primary 
function is in the processing of pre-messenger RNA (hnRNA) in the nucleus. They 
have also been shown to aid in the regulation of transcription factors (7SK RNA) or 
RNA polymerase II (B2 RNA) and maintaining the telomeres [ 112 ]. snRNA has 
been reported in controlling apoptosis of cancer cells. snoRNAs are a large class of 
small noncoding RNAs present in all eukaryotes sequenced thus far. They play a 
conserved role in ribosome biogenesis and are components of well-characterized 
ribonucleoprotein complexes referred to as snoRNPs. They can be divided in two 
main classes, the box C/D and the box H/ACA snoRNAs, which differ in terms of 
their characteristic motifs and structure as well as in their protein binding preferences 
and the chemical modifi cations they catalyze [ 113 ]. snoRNA has been reported in 
controlling proliferation and apoptosis of cancer cells. 

 piRNA, siRNA, and circRNA belong to the regulatory noncoding RNAs family. 
piRNAs are a novel class of noncoding single-strand RNAs. They are involved in 
germline development, silencing of selfi sh DNA elements, and maintaining germline 
DNA. The complex piRNA pathway can have regulatory functions in mammalian 
spermatogenesis in the timing of meiotic and postmeiotic events through 
transcriptional and translational repression or by supporting the search for 
homologous chromosomes and chromosome pairing integrity [ 114 ]. piRNA has 
been reported in controlling proliferation, cell cycle, and apoptosis of cancer cells. 
siRNAs are a class of double-stranded RNA molecules, 20–25 base pairs in length, 
which play many roles but are most notable in the RNAi pathway, where they 
interfere with the expression of specifi c genes with complementary nucleotide 
sequences. siRNA functions by causing mRNA to be broken down after transcription, 
resulting in no translation. It also acts in RNAi-related pathways, such as an antiviral 
mechanism or in shaping the chromatin structure of a genome. The complexity of 
these pathways is only now being elucidated [ 115 ]. siRNAs have been reported in 
controlling cell cycle and apoptosis of cancer cells. circRNAs are a special class of 
endogenous RNAs featuring stable structure and high tissue-specifi c expression. 
They are common in mammalian cells and regulate gene expression at the 
transcriptional or posttranscriptional level by interacting with microRNAs (miR-
NAs) or other molecules [ 116 ]. Unlike linear RNAs terminated with 5′ caps and 3′ 
tails, circular RNAs are characterized by covalently closed loop structures with nei-
ther 5′ to 3′ polarity nor polyadenylated tail. With the advent of specifi c biochemical 
and computational approaches, a large number of circRNAs have been identifi ed in 
various cell lines and across different species [ 117 ]. circRNAs have been reported 
in controlling proliferation of cancer cells. 
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5.4.1     Proliferation 

5.4.1.1     rRNA 

 Ribosome biogenesis drives cell growth and proliferation, but mechanisms that 
modulate this process within specifi c lineages remain poorly understood. A 
 Drosophila  RNA polymerase I (Pol I) regulatory complex is identifi ed to be 
composed of underdeveloped (Udd), TAF1B, and a TAF1C-like factor. Disruption 
of Udd or TAF1B results in reduced ovarian germline stem cell (GSC) proliferation. 
Female GSCs display high levels of rRNA transcription, and Udd becomes enriched 
in GSCs relative to their differentiating daughters. Increasing Pol I transcription 
delays differentiation, whereas reducing rRNA production induces both 
morphological changes that accompany multicellular cyst formation and specifi c 
decreased expression of the BMP pathway component Mad. These fi ndings 
demonstrate that modulating rRNA synthesis fosters changes in the cell fate, growth, 
and proliferation of female  Drosophila  GSCs and their daughters [ 118 ].  

5.4.1.2     tRNA 

 Diverse and abundant small RNAs may be derived from tRNA, but the function of 
these molecules remains undefi ned. One such tRNA-derived fragment, cloned from 
human mature B cells and designated CU1276, is found to possess the functional 
characteristics of a microRNA, including a DICER1-dependent biogenesis, physical 
association with Argonaute proteins, and the ability to repress mRNA transcripts in 
a sequence-specifi c manner. Expression of CU1276 is abundant in normal germinal 
center B cells but absent in germinal center-derived lymphomas, suggesting a role 
in the pathogenesis of this disease. Furthermore, CU1276 represses endogenous 
RPA1, an essential gene involved in many aspects of DNA dynamics, and 
consequently, expression of this tRNA-derived microRNA in a lymphoma cell line 
suppresses proliferation and modulates the molecular response to DNA damage 
[ 119 ].  

5.4.1.3     snoRNA 

 The snoRNA U50, mediating the methylation of C2848 in 28S rRNA, has been 
suggested as a potential tumor suppressor-like gene playing a role in breast and 
prostate cancers and B-cell lymphoma. The downregulation of U50 is observed in 
colon cancer cell lines as well as tumors. The relationship between U50 and 
proliferation is investigated in lymphocytes stimulated by phytohemagglutinin 
(PHA) and observed to have a strong decrease in U50 levels associated with a 
reduced C2848 methylation. This reduction is due to an alteration of U50 stability 
and to an increase of its consumption. Indeed, the blockade of ribosome biogenesis 
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induces only an early decrease in U50 followed by a stabilization of U50 levels 
when ribosome biogenesis is almost completely blocked. In conclusion, the results 
link U50 to the cellular proliferation rate and ribosome biogenesis [ 120 ].  

5.4.1.4     circRNA 

 Circular RNAs are a recently (re)discovered abundant RNA species with presumed 
function as miRNA sponges, thus becoming part of the competing endogenous 
RNA network. The expression of circular and linear RNAs and proliferation is 
analyzed in matched normal colon mucosa and tumor tissues. Interestingly, the ratio 
of circular to linear RNA isoforms is always lower in tumor compared to normal 
colon samples and even lower in colorectal cancer cell lines. Furthermore, this ratio 
correlates negatively with the proliferation index. The correlation of global circular 
RNA abundance (the circRNA index) and proliferation is validated in a noncancerous 
proliferative disease, idiopathic pulmonary fi brosis, ovarian cancer cells compared 
to cultured normal ovarian epithelial cells, and 13 normal human tissues. A global 
reduction of circular RNA abundance is found in colorectal cancer cell lines and 
cancer compared to normal tissues, and a negative correlation of global circular 
RNA abundance and proliferation is discovered [ 121 ].  

5.4.1.5     piRNA 

 The hiwi gene is a human member of the piwi family, which represents the fi rst 
class of genes known to be required for stem cell self-renewal in diverse organisms. 
The hiwi gene, located in 12q24.33, was originally isolated from a human testis 
cDNA library and encoded a 98.5 kDa basic protein. Like other piwi family 
members, the HIWI protein contains a conserved architecture with a PAZ motif in 
the middle and Piwi motif in the C-terminal region. Recent discoveries have shown 
that hiwi may participate in germ cell proliferation, and its overexpression may 
cause germ cell malignancy development [ 122 ]. Upregulation of Hiwi has been 
demonstrated to promote tumor cell proliferation in breast and cervical cancers, 
while its downregulation has been noted to suppress tumor cell proliferation in 
glioma and lung cancer [ 123 ]. HIWI expression is higher in gastric cancers than in 
normal mucosa or in mucosa with atrophic gastritis or intestinal metaplasia. The 
expression of hiwi in atrophic gastritis and intestinal metaplasia is also upregulated 
when compared to the normal state. Moreover, the proliferation of AGS gastric 
cancer cells is signifi cantly inhibited when the endogenous hiwi is blocked with 
either recombinant antisense adenovirus or RNA interference. Consistent with 
previous studies of the piwi gene, a homolog of hiwi in  Drosophila  indicates that a 
certain level of somatic piwi activity is required to establish or maintain the stem 
cell identity, but a higher level of somatic piwi expression will not increase the 
number of germ stem cells. These fi ndings reveal that endogenous HIWI is essential 
for the proliferation of gastric cells, but the exogenous HIWI does not signifi cantly 
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infl uence cell growth. The pattern of HIWI protein expression is similar to that of 
Ki67 expression, which suggests that hiwi participate in the proliferation of gastric 
cancer cells [ 17 ]. Hiwi is confi rmed to overexpress at both the mRNA and protein 
level, in HCC specimens, as well as in MHCC97L and MHCC97H HCC cell lines. 
Hiwi downregulation mediated by shRNA reduces the proliferation of HCC cells 
[ 124 ]. In hematopoietic cancer (CML), Hiwi protein expression is undetectable in 
CML K562 cells and that lentivirus-mediated ectopic expression of Hiwi markedly 
suppresses the proliferation [ 125 ]. Hiwi expression suppressed by an RNA 
interference-based strategy has been demonstrated to inhibit tumor cell proliferation 
in a xenograft mouse model, which is generated by subcutaneously inoculating with 
lung cancer stem cell SSCloAldebr cells. Plasmids containing U6 promoter-driven 
shRNAs against Hiwi or control plasmids have been successfully established. In 
nude mice, intravenous delivery of Hiwi shRNA plasmids signifi cantly inhibits 
tumor growth compared to treatment with control scrambled shRNA plasmids or 
the vehicle PBS. Moreover, delivery of Hiwi shRNA plasmids results in a signifi cant 
suppressed expression of Hiwi and ALDH-1 in xenograft tumor samples, based on 
immunohistochemical analysis [ 126 ]. The effect of HiWi gene silencing on lung 
cancer tumor stem cell proliferation has been demonstrated using gene transfection 
and RNA interference in lung cancer tumor stem cells (TSCs). shRNA eukaryotic 
expression vectors, pGenesil-2-HiWi1, pGenesil-2-HiWi2263, and pGenesil-2- 
control, targeting the HiWi gene are constructed. PBS serves as the control group. 
The expression vector of the target HiWi gene shRNA is transfected into lung cancer 
TSCs with PEI as the medium. The results suggest that HiWi gene silencing 
decreases proliferation in lung cancer TSCs [ 127 ].   

5.4.2     Cell Cycle 

5.4.2.1     siRNA 

 The effects of HMGB1 expression on cell cycle of the human cervical cancer cell 
line HeLa is evaluated by RNA interference. Effective eukaryotic expression vectors 
carrying PGCsi3.0-1/HMGB1 siRNA and PGCsi3.0-3/HMGB1 siRNA have been 
previously constructed and screened, and then the vectors are transfected into HeLa 
cells. The introduction of PGCsi3.0-1/HMGB1 siRNA and PGCsi3.0-3/HMGB1 
siRNA inhibits the expression of HMGB1 mRNA and protein effi ciently and 
specifi cally. There is a signifi cant difference between the siRNA groups and the 
control groups (P < 0.05). Flow cytometry shows that the content of DNA in G2 
phase in PGCsi3.0-1 group and PGCsi3.0-3 group is obviously more than those in 
PGCsi3.0-Neg group and non-transfected group, but the content in S phase is less 
(P < 0.01). The progression of cell cycle is arrested from G2 to S phase. PGCsi3.0-1/
HMGB1 siRNA and PGCsi3.0-3/HMGB1 siRNA can specially suppress the 
expression of HMGB1 gene and arrest the progression of cell cycle from G2 to S 
phase [ 128 ].  
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5.4.2.2     piRNA 

 piR-651, one member of the piRNA family, has been shown to be involved in 
carcinogenesis. The piR-651 inhibitor is transfected into gastric cancer cells to 
assess its infl uence on cell growth. Cell cycle analysis is used to reveal the cellular 
mechanisms of piR-651 in the genesis of gastric cancer. piR-651 expression is 
upregulated in gastric cancer tissues compared with paired noncancerous tissues. 
The levels of piR-651 are associated with TNM stage (P = 0.032). The expression of 
piR-651 in gastric, colon, lung, and breast cancer tissues is higher than that in paired 
noncancerous tissues. The upregulated expression of piR-651 is confi rmed in several 
cancer cell lines including gastric, lung, mesothelium, breast, liver, and cervical 
cancer cell lines. The growth of gastric cancer cells is inhibited by a piR-651 
inhibitor and arrested at the G2/M phase. Results indicate that a piR-651 inhibitor 
blocks gastric cancer cells at the G2/M phase [ 114 ]. Cell cycle analysis reveals that 
the suppression of hiwi results in signifi cant G2/M arrest in gastric cancer. On the 
basis of the inhibition of growth of AGS gastric cancer cells by antisense hiwi and 
106shRNA, their cell cycle progression is investigated in response to either 
overexpression or suppression of hiwi. The DNA content analysis shows the cell 
cycle of the cells treated with Ad-antisense hiwi, or Ad-106shRNA is arrested in 
G2/M phase [ 17 ]. Hiwi upregulation inhibits leukemic cell growth and induces cell 
cycle arrest at G0/G1 and G2/M phases in K562 cells [ 125 ]. Cells treated with 
betulinic acid (BA) show increased cell population in G(2)/M phase, with decreases 
in S phase population. The expression of Hiwi and cyclin B1 is downregulated in 
BA-treated AGS cells in a dose-dependent manner. G(2)/M cell cycle arrest and 
induction of apoptosis in AGS cells in vitro. The result suggests that BA exerts 
potent effect on G(2)/M cell cycle arrest possibly associated with the downregulation 
of Hiwi and its downstream target cyclin B1 expression [ 129 ].   

5.4.3     Apoptosis 

5.4.3.1     snRNA 

 A recent study utilizes U1 small nuclear RNA (snRNA) that binds physiologically 
to the 5′ splice site (5′ss) of pre-mRNA, to develop a novel vector system that per-
mits imposed binding of antisense RNA to its target. The 5′ free end of U1snRNA 
is replaced with the antisense sequence against the K-ras gene to generate a hyper-
stable U1snRNA, whose binding stability to 5′ss of the K-ras transcript is tenfold 
higher than that of wild-type U1snRNA. The effi cacy of such hyperstable U1snRNA 
is examined by transducing the expression plasmids into human pancreatic cancer 
cell lines. It reveals that two of the hyperstable U1snRNAs induce cell death after 
gene transduction and signifi cantly reduce the number of G418- resistant colonies to 
less than 10 % of the controls. Furthermore, hyperstable U1snRNA suppresses 
intraperitoneal dissemination of pancreatic cancer cells in vivo [ 130 ].  
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5.4.3.2     snoRNA 

 GAS5 has been identifi ed as critical to the control of mammalian apoptosis and cell 
population growth using functional expression cloning. GAS5 transcripts are 
subject to complex posttranscriptional processing, and some, but not all, GAS5 
transcripts sensitize mammalian cells to apoptosis inducers. In some cell lines, 
GAS5 expression induces growth arrest and apoptosis independently of other 
stimuli. GAS5 transcript levels are signifi cantly reduced in breast cancer samples 
relative to adjacent unaffected normal breast epithelial tissues. The GAS5 gene has 
no signifi cant protein-coding potential, but expression encodes small nucleolar 
RNAs (snoRNAs) in its introns [ 131 ].  

5.4.3.3     piRNA 

 Bcl-like family includes a series of gene products that either suppress apoptosis 
such as Bcl-2 or promote apoptosis such as Bax. Interfering with Bcl-2 expression 
or function and/or activation of Bax may present therapeutic strategies against 
myeloid leukemias. Caspase-9 is a crucial regulator of cell apoptosis, the activation 
of which triggers the activation of the executioner caspase-3, leading to cell death. 
Promoting the activation of caspase-9 and caspase-3 could induce apoptosis in 
leukemia cells. Hiwi upregulation induces an obvious apoptosis in K562 cells, 
which is accompanied by decreased Bcl-2 expression and increased Bax, activated 
caspase-3 and caspase-9, and cleaved PARP. Hiwi overexpression decreases anti- 
apoptotic Bcl-2 expression and increases pro-apoptotic Bax, activated caspase-9 
and caspase-3, and cleaved PARP in K562 cells. These results at least partly 
demonstrate that Hiwi can promote CML apoptosis by mediating these apoptosis- 
related proteins [ 125 ]. In glioma cells, silencing HIWI inhibits cell proliferation by 
promoting apoptosis and increases cell cycle arrest. The expression of proteins 
related to apoptosis and the cell cycle, including p21, cyclin D1, Bcl-2, and Bax is 
signifi cantly altered [ 132 ]. In lung cancer tumor stem cells (TSCs), the effect of 
HiWi gene silencing on lung cancer tumor stem cell apoptosis has been demonstrated 
using gene transfection and RNA interference. 24 h after transfection, the apoptotic 
ratios in the pGenesil-2-HiWi1 and pGenesil-2-HiWi2263 groups are 26.16 ± 1.21 
and 28.06 ± 1.78 %, respectively, which are higher as compared to those in the 
pGenesil-2-control group 2.86 ± 0.09 % (P < 0.01). The results suggest that HiWi 
gene silencing promotes apoptosis of lung cancer TSCs [ 126 ].   

5.4.4     Necrosis 

 There are no reports about ncRNA-related necrosis in cancer cells except miRNA 
and lncRNA.  
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5.4.5     Autophagy 

5.4.5.1     rRNA 

 Several agents known to interfere with rRNA transcription and processing are fi rst- 
line anticancer therapy, such as cisplatin for advanced non-small cell lung carcinomas 
and 5-fl uorouracil for colon cancers. The list of agents inhibiting various stages of 
rRNA biogenesis continues to grow. Cis-noncoding rRNAs, alternative to primary 
rRNA, have been shown to regulate rRNA biogenesis. Bidirectional noncoding 
rRNAs have recently been detected carrying ribozyme-like properties. Anti- 
antisense oligonucleotides complementary to antisense noncoding rRNAs markedly 
stabilize the bidirectional transcripts and induce cell death in mouse lung cells. 
Autophagic activation is largely undifferentiable between the anti-antisense and 
other oligonucleotides and accounts for the undesired cytotoxicity in noncancer 
cells. Co-treatment with chloroquine, an autophagy inhibitor, reduces cytotoxicity 
in the noncancer cells, but retains the anti-antisense-mediated killings in cancer 
cells. The 86S oligonucleotide is more effective than the 84AS in the induction of 
apoptotic cell death in human lung cancer cells. Furthermore, the anti-antisense 
oligonucleotide stabilizes bidirectional noncoding rRNAs predominantly in human 
cancer cells and perturbs rRNA biogenesis [ 133 ].    

5.5     Conclusion 

 Historically, both proteins and protein-coding RNAs have tended to dominate our 
view of the cell and the human diseases because of their abundance and the relative 
ease with which protein-coding genes and their gene products can be identifi ed and 
studied. However, this paradigm has been undermined in recent years with the 
development of whole-genome and transcriptome sequencing technologies. Over 
the past several years, accumulated data have begun to advance the idea that ncRNAs 
are not just transcriptional noise or cloning artifacts but important supplements to 
proteins and other effectors in complex regulatory networks [ 13 ]. In this review, we 
present an updated vision of ncRNAs and summarize the mechanism of regulation 
by ncRNAs, which can control a wide range of biological functions such as cellular 
proliferation, cell cycle, apoptosis, necroptosis, and autophagy, providing new 
insight into the functional cellular roles that they may play in cancers, primarily 
focusing on the two most commonly studied ncRNA biotypes, lncRNAs and 
miRNAs. 

 Given the critical role miRNAs play in tumorigenesis processes and their disease- 
specifi c expression, they hold potential as therapeutic targets and novel biomarkers. 
Expression profi ling of miRNAs has been shown to be a more accurate method of 
classifying cancer subtypes than using the expression profi les of protein-coding 
genes [ 25 ]. The differential expression of certain miRNAs in various tumors is a 
powerful tool to aid in the diagnosis and treatment of cancer. Different strategies 
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based on blocking miRNA function or specifi c miRNA delivery to the tumor cells 
have already been used. Several preclinical approaches have been developed in 
order to block miRNAs, including anti-miRNA oligonucleotides, miRNA sponges, 
miRNA masks (target protectors), and small molecule inhibitors [ 134 ]. However, it 
is worth noting that further studies are needed to unveil the functions and mechanisms 
of miRNAs in the necroptosis of cancer cells. The discovery of dysregulated 
lncRNAs involved in cancer cellular biology represents a new layer of complexity 
in the molecular architecture of oncology. However, there are still many gaps in our 
current understanding of lncRNA function. lncRNAs can be useful as novel 
biomarkers for diagnosis, prognosis, and prediction of response to therapy. Better 
understanding of lncRNA functions will help clarify the real impact of genomic 
pervasive transcription on cell biology, on evolution, and, eventually, on the clinical 
setting for oncology. Furthermore, many more types of ncRNAs exist but their 
underlying mechanisms are still in infancy. For example, a growing number of 
reports have revealed the aberrant expression of PIWI proteins in various cancers, 
and it appears highly plausible that PIWI proteins are involved in tumorigenesis, in 
part because a considerable portion of the experimental results is derived from 
studies of patient samples, with limited opportunities for experimental manipulation. 
Further basic studies with more manipulable materials, such as cell lines and 
experimental animals, are urgently needed to address the possibility of PIWI as a 
therapeutic target. However, data for elucidating the detailed molecular role of PIWI 
proteins in tumorigenesis is very limited. An immediate focus is to identify PIWI 
protein-associating RNAs to determine whether piRNAs and/or other RNA species 
specifi cally interact with PIWI proteins in cancer cells. It is also imperative to 
investigate how PIWI proteins are involved in the biological functioning of cancer 
cells, such as transposon silencing, transcriptional or posttranscriptional regulation, 
DNA repair, and chromosome condensation and segregation, and to determine the 
roles of PIWI proteins in tumorigenesis [ 135 ]. 

 Given the versatile, critical, and surprising regulatory functions of ncRNAs 
uncovered so far, forming a better understanding of the precise molecular 
mechanisms by which ncRNAs function in various cancers will be an exciting 
journey and also critical for exploring new potential strategies for early diagnosis 
and therapy. In the future, the fi eld of ncRNAs research will certainly be in spotlight. 
Clearly, a deeper understanding of the biological effects of the various ncRNAs will 
need to be acquired before this possibility can be actualized into real therapeutic 
strategies.     
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    Chapter 6   
 Noncoding RNAs in Cancer Cell Plasticity                     

     Jiahui     Xu     and     Suling     Liu    

    Abstract     Accumulating evidence has shown the presence of cancer stem cells in a 
wide spectrum of human cancers, which have the ability to self-renew and 
differentiate, thus leading to tumorigenesis, proliferation, cancer dissemination, 
drug resistance, and tumor relapse. Cancer cell plasticity allows tumor to invade and 
grow at primary or distant sites. Epithelial-mesenchymal transition (EMT) is the 
most important mechanism of cancer cell plasticity and cancer stem cells. Substantial 
evidence has supported a noncoding RNA network, especially miRNA, in regulating 
cancer cell plasticity and cancer stem cell biology. Besides, lncRNA is also found to 
participate in cancer development. Understanding the mechanisms of these 
processes might be valuable for developing accurate targeted therapies to tackle 
cancer progression and cancer stem cells.  

  Keywords     Cancer stem cells   •   Noncoding RNA   •   Cancer progression   •   Cell 
plasticity   •   Targeted therapy  

6.1       Introduction 

 Cancer is a group of diseases consist of abnormally growing cells with the potential 
to invade and metastasize to other parts of the body. Generally, cancer grows when 
normal cells change as a result of accumulated mutations due to environmental 
factors or sometimes hereditary mutations. Mutations in normal cells lead to 
chromosomal instability, proliferation, and fi nally aggressive metastatic behavior. 
Owing to mutations, most of human cancers are heterogeneous diseases. There is a 
high degree of phenotypic and functional diversity between tumors, and even within 
the same tumor, divergences exist. For instance, breast tumors are diverse in their 
nature and responsiveness to therapies. According to gene expression molecular 
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pattern, it could be classifi ed into several subtypes including luminal subtype, basal 
subtype, HER2-overexpression subtype, and normal-like subtype. These subtypes 
prove to be different in their malignance and responsiveness to treatments [ 1 ,  2 ]. 
Some cancers also contain a hierarchy in which cancer stem cells (CSCs) differentiate 
into non-cancer stem cells (or bulk tumor cells) [ 3 ]. 

 The cancer cell plasticity describes the ability of cancer cells to transform 
reversibly between distinct cell states phenotypically and genotypically, contributing 
to tumor growth in primary and distant sites. For example, some cancer cells, such 
as breast cancer cells, can transit between epithelial state and mesenchymal state. 
Reciprocal transition between epithelial state and mesenchymal state, which is a 
crucial event in embryonic development, has been confi rmed to be a hallmark of 
cancer metastasis [ 4 ]. It is reported that, cancer cells in mesenchymal state are more 
competent than those in epithelial state to invade and form cancer dissemination [ 4 , 
 5 ]. Considering the heterogeneity of cancer, Gupta et al. have found that isolated 
subpopulations of breast cancer cells with given phenotype will fi nally return to an 
equilibrium proportions over time, which can be explained by the Markov model, in 
which they suggest cell transition stochastically between states and any 
subpopulations of cancer cells can fi nally return to an equilibrium proportions over 
time in given conditions [ 6 ]. Of note here, cancer cells acquiring drug resistance 
responsive to therapy is also an important aspect of cancer cell plasticity [ 7 ]. 
Besides, via turning on or off some markers reversibly, cancer cells can transit 
between distinct states. For example, study in melanoma has revealed that dynamical 
expression of JRID1B, an H3K4 demethylase, endows cancer cells with tumorigenic 
ability. The JRID1B-positive and JRID1B-negative cells can transit to each other 
and the JRID1B-positive cells function in tumor maintenance [ 8 ]. 

 The concept of CSCs refers to a subpopulation of cells within tumor possessing 
the ability to self-renew and differentiate into non-stem progenitor. Increasing 
evidence has supported the CSC hypothesis that many of human cancers are driven 
by the CSCs. Self-renewal of CSCs and differentiation into non-stem progeny 
maintains the cancer cell pool and mediates the cancer metastasis, therapy resistance, 
and relapse. CSCs’ transition from tumorigenic state to a non-tumorigenic state is 
one aspect of CSC plasticity. Similar with tumor heterogeneity, there exist different 
states in the CSC subpopulation. Transition between these states is another important 
aspect of CSC plasticity [ 5 ]. 

 Noncoding RNA (ncRNA) is a functional molecule that is not translated into a 
protein. Quantities of ncRNAs have been found in recent decades, including 
ribosomal RNA (rRNA), transfer RNA (tRNA), small nuclear RNA (snRNA), small 
nucleolar RNA (snoRNA), microRNA (miRNA), long noncoding RNA (lncRNA), 
and so on. Evidence increasingly indicates that ncRNA has a signifi cant effect on 
cancer and CSC biology and may act as a potential therapeutic target. In this chapter, 
we will review the functions and mechanisms of ncRNA, mainly miRNA and 
lncRNA, in regulating cancer cell plasticity (see Fig.  6.1 ), tumor progression, and 
CSC biology.
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6.2        Cancer Cell Plasticity, Tumor Progression, and Cancer 
Stem Cell Biology 

 Most of the cancers diagnosed are primitively derived from normal tissue cells. 
After a progression of changes at the cellular, genetic, and epigenetic level, the 
normal cells are ultimately transformed to acquired uncontrolled cell division ability 
and therefore tumor forming, which process we usually call carcinogenesis or 
tumorigenesis. Considering the similarities normal stem cells and cancer stem cells 
share (ability to self-renew and differentiate), there is accumulating evidence that 
stem cells and progenitor cells may be the targets of transformation during 
carcinogenesis [ 9 ]. Once transformed, cancer cells grow without control to form a 
mass in primary tissue and develop invasiveness. To break the tissue 
microenvironment, invade into the local site or even metastasize to distant organ, 
cancers arising from epithelial tissues need to activate a program called epithelial- 
mesenchymal transition (EMT) to acquire an invasive phenotype. 

 EMT is a complex molecular and cellular program, during which polarized epi-
thelial cells lose their epithelial features, including cell-cell adhesion and planar and 
apical-basal polarity, while acquiring a mesenchymal characteristics, including 
enhanced motility, invasiveness, and resistance to apoptosis [ 10 ,  11 ]. Abundance of 
cellular processes and extracellular signals are engaged to initiate and regulate an 
EMT process, including activation of specifi c transcription factors, expression of 
specifi c cell surface markers, expression of specifi c microRNA, epithelial cell- 
stromal cell interaction, hypoxia, cytokines and growth factors derived from tumor 
environment, and so on. For instance, loss of E-cadherin, a major marker of epithe-
lial cells, is considered essential during EMT. Transcription factors that repress 
E-cadherin directly or indirectly are supposed to promote EMT. For example, Snail1, 
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  Fig. 6.1    Overview of epithelial-mesenchymal cancer cell plasticity and the involvement of 
important miRNA and lncRNA       

 

6 Noncoding RNAs in Cancer Cell Plasticity



176

Slug, ZEB1, and SIP1 (ZEB2) can bind directly to E-cadherin promoter to repress 
its transcription, while Twist1 indirectly represses E-cadherin [ 12 ,  13 ]. Moreover, 
Onder et al. have disclosed that loss of E-cadherin upregulates Twist1 and ZEB1 
expression, and Twist1 is a crucial downstream effector on cellular function. 
Therefore, they proposed a feed-forward signaling loop between Twist and 
E-cadherin [ 14 ]. Signals from tumor environment could also have a signifi cant effect 
on EMT. According to Cannito’s study, hypoxia can promote EMT via promoting 
Wnt/β-catenin pathway and therefore resulting Snail translocation. Furthermore, 
late migration and invasiveness can be sustained in a hypoxia- inducible factor-1α 
(HIF-1α)-dependent mechanism [ 15 ]. Reverse process of EMT is mesenchymal-
epithelial transition (MET), characterized by reestablished apical- basal polarity, 
tight junction, and expression of cell-cell-adhesion molecules such as E-cadherin. 
MET is often thought to be critical in tumor growth in distant organ, which reendows 
tumor cells with epithelial characteristics similar to cells in primary tumor. 

 The evidence of CSC was fi rst described distinctly in 1994 by Lapidot et al. as 
they found tumorigenic leukemic cancer stem cells and a hierarchical organization 
in leukemic cells [ 16 ]. Since then CSC has been gradually accepted. The CSC 
hypothesis raises that many human cancers, including breast cancer, colon cancer, 
liver cancer, glioblastoma, leukemia, pancreas cancer, melanoma, and so on, are 
driven by a subpopulation of cancer cells that possess stem cell properties. These 
cells have the ability to self-renew and differentiate into progeny without stemness, 
therefore driving tumor formation, maintaining the cancer cell pool, mediating 
metastasis, resistance to therapies, and relapse leading to therapy failure. Numerous 
studies have showed that, CSCs, a small subset of cancer cells within a tumor, can 
be identifi ed and isolated by a distinct set of markers. For example, based on cell 
surface marker expression, Al-Hajj et al. have successfully distinguished the tumor-
igenic cells from the non-tumorigenic cells in human breast cancer and identifi ed 
the CSC as CD44 + CD24 −/low  lineage −  [ 17 ]. Utilizing in vitro and in vivo experimen-
tal system, Ginestier and colleagues have found another CSC marker aldehyde 
dehydrogenase activity 1(ALDH1). They found that, in human breast cancers, cells 
with high ALDH1 activity displayed tumorigenesis capable of self- renewal and 
recapitulated the original heterogeneity of the parental tumor [ 18 ]. Similar observa-
tion was made by Singh in brain cancer when using cell surface marker CD133. 
CD133 +  cell fractions are able to initiate tumor in nonobese diabetic, severe com-
bined immunodefi cient (NOD-SCID) mice brain [ 19 ]. Subsequent studies have 
found that CD133 highly expression cells also contain tumorigenic cells in colon 
cancer [ 20 ], which indicates that CSCs share something conserved between distinct 
cancers. What’s more, combining different CSC markers identifi es a more tumori-
genic population. For instance, ALDH + CD133 +  cells show an increased ability to 
initiate tumor compared with ALDH + CD133 −  or ALDH +  alone [ 21 ]. 

 Studies have found that CSCs are regulated by both cell-intrinsic and cell- 
extrinsic pathways which are tightly regulated in normal cells. Accumulating 
evidence indicates that the core signaling pathways, including Wnt, Notch, 
Hedgehog, PI3K/AKT, etc., which are deregulated in cancer processes and CSCs, 
critically regulate survival and self-renewal of CSCs. Hedgehog signaling pathway 
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plays a pivotal role in self-renewal and differentiation of normal stem cell and are 
tightly regulated by the stem cell niche. Deregulation of Hedgehog signaling 
pathway may play an important role in carcinogenesis, and activation of Hedgehog 
signaling pathway has been observed in the CSCs [ 22 ,  23 ]. Similarly, Notch and its 
downstream signaling are also critical in normal tissue stem cells or progenitor cells 
[ 24 ], and there is substantial evidence that abnormal Notch signaling pathway 
associates with cancer progressions [ 25 ,  26 ]. Wnt signaling pathway, a pivotal 
regulator of cell-fate decision, has been implicated in a variety of cancers [ 27 – 29 ], 
including ovarian cancer, breast cancer, non-small cell lung cancer, etc. Beside 
intracellular signaling pathway mentioned above, tumor environment also has a 
signifi cant impact on tumor progression and CSCs. Cytokines derived from tumor 
niche, such as IL-6 and IL-8, have been observed to play a vital role in cancers 
[ 30 – 33 ]. 

 In the recent decades, several intriguing studies have described a link between 
the EMT and the CSC. One study has found expression of CD44 is controlled by 
Wnt/β-catenin cascade [ 34 ]. Since CD44 is a marker of CSC, it might imply a role 
for EMT-related Wnt/β-catenin cascade in CSC maintenance. Mani et al. have 
observed a direct link between the EMT and the epithelial stem cell properties, and 
found that the induction of EMT via expression of either Twist or Snail in a 
 non-tumorigenic state immortalizes human mammary epithelial cells (HMLEs) or 
that via exposure to TGF-β generates CD44 high CD24 low  stem cell-like cells exhibit-
ing not only enhanced ability to form mammospheres, a property correlated with 
mammary stem cells, but also EMT characteristics such as loss of E-cadherin and 
expression of Twist, Snail, and N-cadherin. Simultaneously, stem cells isolated 
from normal human mammary and breast carcinomas express the EMT markers 
[ 35 ]. Most recently, Liu et al. has uncovered the relationship between breast cancer 
stem cell (BCSC) and EMT. They showed that BCSCs could exist in at least two 
distinct states, namely, mesenchymal-like (EMT) state and epithelial-like (EMT) 
state. Moreover, BCSCs in distinct state were diverse in phenotype and function. 
The EMT state BCSCs, expressing a set of cell surface marker CD24 − CD44 + , were 
primarily quiescent and localized to the tumor-invasive front, whereas the MET 
state BCSCs, characterized as ALDH + , were proliferative and localized inside of the 
tumor. They proposed that the plasticity of BCSCs allowed them to undergo 
reversible EMT/MET transitions, which fi nally contributed to tumor invasiveness, 
metastasis, and growth at distant sites. Therefore, it’s worthy to note that it may be 
necessary to target alternative CSC states to achieve a better curative effect [ 5 ].  

6.3     MicroRNAs Regulate Cancer Cell Plasticity and Tumor 
Progression 

 MicroRNA (miRNA) is a 19–23-nucleotide-long noncoding RNA, which functions 
in gene silence and posttranscriptional regulation of gene expression. The target of 
miRNA is usually a messenger RNA (mRNA). Via base pairing with the 
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complementary sequences, miRNA represses the translational effi ciency or 
destabilizes the target mRNA and can act on one or more target mRNAs. miRNA 
has diverse functions in cell biology including cell proliferation, differentiation, and 
apoptosis. Deregulated miRNAs have been proved to correlate closely with cancers 
[ 36 ,  37 ]. Depending on the mRNAs they target, miRNAs can be tumor suppressive 
or oncogenic. As early as 10 years ago, through utilizing the bead-based fl ow 
cytometric miRNA expression-profi ling method, studies have observed a general 
downregulation of miRNAs in cancerous tissues compared with normal tissues. 
Moreover, the miRNA profi les in a way imply the developmental lineage and 
differentiation state of cancers. Furthermore, poorly differentiated tumors can be 
successfully classifi ed by miRNA profi les [ 36 ]. Researches in breast cancer also 
indicate a signifi cant deregulated miRNA expression in cancer versus normal tissues 
[ 37 ]. Meanwhile, through miRNA expression-profi ling analysis, miRNAs, such as 
let-7e, miR-151-5p, miR-222, miR-21, miR-155, and miR-221, have been identifi ed 
to be upregulated in cancerous tissues [ 38 – 40 ]. All of these suggest that we can 
discriminate cancerous tissues from normal tissues using miRNA profi les, which 
prompts a potential role for miRNA in cancer diagnosis. Indeed, subsequent studies 
have revealed that serum miRNA signature could be a useful biomarker for tumor 
progression and prediction of the outcome of several cancers [ 41 – 43 ]. 

 Accumulating evidence has indicated that miRNA plays a critical role in cancer 
formation and development [ 44 ]. The  c-Myc  oncogene, which has been proved to 
act as both miRNA inducer and repressor, functions in inducing multiple cancer 
formation. On one hand, for example, the oncogenic miR-17-92 cluster is frequently 
found amplifi ed in varieties of human cancers and is regulated by the  MYC  gene in 
transcriptional level [ 45 – 47 ]. Mu et al. have disclosed that expression of endogenous 
miR-17-92 is indispensable for suppressing apoptosis in Myc-induced B-cell 
lymphomas [ 48 ]. Via directly suppressing the expression of chromatin regulatory 
genes Sin3b, Hbp1, Suv420h1, and Btg1 and proapoptotic gene BIM, the MYC- 
regulated miR-17-92 cluster sustains autonomous proliferation and survival in 
MYC-induced tumors and therefore maintains the neoplastic state [ 49 ]. Besides, 
there is a network among MYC, miR17-92, and E2F1, a transcription factor that 
promotes cell cycle progression, in regulation of cell cycle, in which MYC and 
E2F1 positively regulate each other, while MYC-induced miR-17-92 negatively 
regulates E2F1 [ 45 ,  50 ]. Another important downstream target of miR-17-92 is the 
tumor suppressor PTEN. On one hand, c-Myc can mediate cell proliferation and 
apoptosis resistance in non-small cell lung cancer (NSCLC) cells through 
suppressing PTEN by miR-17-92 [ 51 ]. On the other hand, which is more often, 
MYC represses dozens of tumor-suppressive miRNAs including Let-7, miR-23, 
miR-34a, and so on [ 52 ]. Let-7, for instance, cooperates with an RNA-binding 
protein HuR to inhibit the expression of c-Myc in an interdependent manner. HuR 
represses the MYC oncogene by recruiting the let-7-loaded RNA-induced silencing 
complex (RISC) to the 3′-untranslated region (UTR) of  c-Myc  [ 53 ]. MYC can bind 
to the let-7 promoter, while there are let-7 binding sites in MYC 3′UTR. Hence, 
there exists a negative loop between let-7 and MYC. It is reported that multiple 
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genes regulating cell cycle, proliferation and apoptosis, are responsive to the 
alteration of let-7. The major targets of let-7 are  RAS  and  HMGA2  oncogenes. 
Johnson et al. have suggested that let-7 may function as a tumor suppressor through 
acting on the  RAS  oncogene, for there are multiple let-7 complementary sites in the 
 RAS  3′UTR [ 54 ]. Similarly, Lee et al. have found that let-7 destabilizes HMGA2, a 
high-mobility group protein, via multiple target sites in 3′UTR of  HMGA2  onco-
gene, to repress cell proliferation [ 55 ]. Deregulation of let-7 is generally found in 
cancer tissues, suggesting that let-7 is poorly expressed in cancer tissues compared 
with normal tissues [ 56 ]. 

 Since aberrant activation of EMT triggers malignant tumor progression, a large 
amount of evidence has proved an miRNA network in regulating EMT process. 
Much work has observed an EMT in cancer cells in response to transforming growth 
factor (TGF)-β. TGF-β seems to play a dominant role in EMT in advanced cancer 
via directly activating transcription factors ZEB, Snail, and Twist [ 10 ]. Studies have 
identifi ed a number of miRNAs that possibly take part in TGF-β-induced EMT 
pathway, including miR-200, miR-21, miR-31, and so on. It is reported that 
expression level of miR-21 and miR-31 is signifi cantly increased in response to 
TGF-β stimulation. MiR-21 and miR-31 synergize with TGF-β to enhance the EMT 
by targeting TIAM1, a guanidine exchange factor of the Rac GTPase [ 57 ]. 

 The miR-200 family contains miR-200a, miR-200b, miR-200c, miR-141, and 
miR-429. There is growing evidence suggesting that miR-200 participates in tumor 
metastasis via regulating EMT. All fi ve members of miR-200 family have been 
found to markedly decrease in cells that have undergone EMT induced by TGF-β 
and in invasive breast cancer cell lines, which is reported to depend on the SMAD 
signaling pathway [ 58 ,  59 ]. The major targets of miR-200 are ZEB1 and SIP1, the 
E-cadherin transcription repressors [ 58 ]. Through directly repressing mRNA of 
ZEB1 and SIP1, miR-200 maintains the expression of E-cadherin and the epithelial 
morphology. Meanwhile, in mesenchymal cells, ZEB1 and SIP1 act as repressors of 
miR-200 through binding to a conserved site at the miR-200 promoter region [ 60 ], 
hence forming a reciprocal negative feedback loop between miR-200 and ZEB1/
SIP1. Brabletz et al. have also found that the miR-200-ZEB1 feedback loop controls 
the Notch signaling in cancer cells, especially in poorly differentiated invasive 
tumor cells [ 61 ]. The Notch signaling pathway component, such as Jagged 1, 
Maml2, and Maml3, is also one of the miR-200 targets. Via inhibiting miR-200, 
ZEB1 upregulates the Notch signaling, contributing to cancer cells properties. 
Similarly, Yang et al. have discovered a miR-200-dependent pathway in the Notch- 
induced EMT [ 62 ]. The Notch ligand Jagged 2 has been found to upregulate the 
expression of GATA-binding factors, which in turn suppress the miR-200, thus 
promoting the EMT and metastasis. Furthermore, study in lung cancer has 
demonstrated that ZEB1 shows altered expression level in erlotinib-sensitive cancer 
cells and that ectopic expression of miR-200c can alter the drug sensitivity [ 63 ], 
suggesting that miR-200-ZEB1 feedback loop might be a potent target for cancer 
therapy.  
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6.4     MicroRNAs Play Important Roles in Regulating Cancer 
Stem Cells 

 The tumor consists of heterogeneous cells, in which cancer stem cells (CSCs), with 
the ability to self-renew and differentiate, are thought to be the driving force of the 
tumor development, therapy resistance, and recurrence. The CSCs have been found 
in a wide spectrum of cancer types, among which breast cancer stem cell (BCSC) is 
the fi rst described CSC in solid tumor and also the best characterized CSC so far. 
Numerous extracellular factors and intracellular elements have been uncovered to 
regulate the CSCs properties, among which microRNAs have been validated to play 
a key role in regulating CSC properties [ 64 ]. Through comparing miRNA profi les, 
several miRNA clusters, such as miR-200c-141, miR-200b-200a-429, and miR-
183-96-182, have been found to differentially express between BCSCs and non-
tumorigenic bulk tumor cells [ 65 ]. According to Liu et al., the BCSC subpopulation 
is likewise heterogeneous containing distinct groups characterized by different 
markers, such as ALDH +  and CD24 − CD44 + . They have pointed out that BCSCs may 
exist in at least two alternative states (EMT and MET) on the basis of the CSC 
markers they express. The mesenchymal-like (EMT) BCSC represents the 
CD24 − CD44 +  subpopulation and is characterized as primarily quiescence and 
invasive marginal location. The ALDH +  subpopulation is described as epithelial- 
like (MET) BCSCs, which are proliferative and located centrally. Moreover, they 
have proposed that BCSCs may transition between the EMT and MET states to 
achieve tumor invasion, dissemination, and growth at distant organs [ 5 ]. 
Interconversion of EMT state and MET state is regulated by the microRNA network 
in that miR-9, miR-100, miR-221, and miR-155 induce the EMT state, while miR- 
34c, miR-200, miR-205, and miR-93 induce the MET state [ 66 ,  67 ]. 

 More recently, several intriguing studies have described the role of miRNAs in 
modulating the cell fate of CSC. Through evaluating expression level in different- 
stage breast cancer samples, miR-9 has been found to overexpress in late-stage 
tumors with aggressive phenotypes and associate with a CD24 − CD44 +  phenotype 
and EMT [ 68 ]. Via repressing the CSC regulatory gene SMADCA5, SMADCD1, 
and BMPR2, miR-100 has been found to directly regulate self-renewal and 
differentiation of BCSCs and reduce the ALDH +  population [ 69 ]. Depending on the 
differentiation states, miRNA seems to have different impact on the CSCs. In the 
less differentiated breast cancer cells, miR-93 can induce MET accompanied by 
decreased expression of TGF-β and numerous stem cell regulatory genes, such as 
JAK1, STAT3, AKT3, SOX4, EZH1, and HMGA2, thus reducing the CSC 
population. However, the CSC subpopulation is increased as miR-93 expresses in a 
more differentiated breast cancer cells [ 70 ]. Another miRNA, let-7, has been 
reported as well to regulate multiple properties of BCSCs through its target gene 
H-RAS and HMGA2. It is interesting to point out that, via repressing H-RAS, let-7 
reduces CSC self-renewal while having no effect on its differentiation. Via repressing 
HMGA2, let-7 enhances CSC differentiation while having no effect on its self- 
renewal [ 71 ]. In addition, let-7 repression seems to promote the BCSC expansion by 
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the Wnt/β-catenin pathway through transactivation of a negative let-7 biogenesis 
regulator Lin28 [ 72 ]. Similar with let-7, miR-30 has also been found to regulate the 
self-renewal and apoptosis of BCSCs via its target Ubc9 and ITGB3, respectively 
[ 73 ]. More recently, a signaling axis involving Snail, miR-146a, and Numb has been 
identifi ed in regulating symmetric and asymmetric cell division in colorectal cancer 
stem cells [ 74 ]. All these demonstrate that miRNA could be both repressor and 
promoter in regulating CSC properties, implying a more accurate miRNA-targeted 
therapy according to distinct tumor differentiation states. 

 Decreased expression of miR-200 family members has been proved to be 
important in tumor metastasis, apoptosis resistance, and drug resistance. The major 
targets of miR-200 are ZEB1 and SIP1. Of note here, stem cell factors, such as Sox2 
and Klf4, are also candidate targets of miR-200 family members, suggesting a link 
between miR-200 and stem cells. Recently, molecular links between miR-200 and 
CSCs have drawn particular attention. Lim’s study has found that expression of 
miR-200 gradually loses in a non-stem human mammary epithelial (HMLE) cells 
during its transition to a stem-like phenotype and that the restoration of its expression 
can promote MET and decrease the stem cell properties. Similar phenomenon has 
been observed in the stem cell fractions of metastatic breast cancer. Furthermore, 
their research has uncovered an epigenetic modifi cation mechanism of miR-200. 
According to Lim, miR-200 is repressed through polycomb-group-mediated histone 
modifi cations and DNA methylation [ 75 ]. Shimono et al. has disclosed that miR- 
200c is downregulated in human BCSCs and its expression can inhibit the growth 
of breast cancer cell and breast tumor formation driven by BCSCs in vivo [ 65 ], 
illustrating an indispensable role of miR-200c in BCSCs. Besides, it has been 
reported that the polycomb repressor Bmi1, a key regulator of cancer stem cell self- 
renewal, is repressed by miR-200 [ 65 ,  76 ]. Research in melanoma has also revealed 
that miR-200c overexpression leads to diminished expression of Bmi1, as well as 
melanoma tumor growth and metastasis inhibition [ 77 ]. In addition, the miR-200- 
ZEB1 reciprocal negative feedback loop not only promotes tumor cells dissemination 
but also regulates tumor-initiating cells in pancreatic and colorectal cancer cells. 
Through repressing the stemness-inhibiting miRNA, such as miR-200 and 
miR20- 203, ZEB1 connects EMT activation with stemness maintenance [ 76 ]. These 
results suggest that miR-200 and miR-200-ZEB1 negative loop may be critical 
targets for CSC-targeted therapies.  

6.5     Long Noncoding RNAs (LncRNAs) in Cancer Biology 
and Regulating Cancer Cell Plasticity 

 With the advance of high-resolution microarray and genome-wide sequencing 
technology, a large amount of novel transcripts have been found. It is reported that 
about 70 % of the genome is actively transcribed [ 78 ]. Of note here, noncoding 
RNA has drawn particular attention. Long noncoding RNA (lncRNA) is a new class 
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of noncoding RNAs, with length ranged from 200 bp to 100 kbp, representing a 
large population of the noncoding RNA. Although there are thousands of lncRNA, 
it is the least well understood, and the vast majority of it is functionally 
uncharacterized [ 79 ]. Still, recent studies have gradually discovered one of lncRNA’s 
roles as the driver for tumor-suppressive or oncogenic function in multiple cancer 
types, including breast cancer, prostate cancer, pancreatic cancer, hepatocellular 
cancer, and so on [ 80 ,  81 ]. Expression of lncRNA is often altered and deregulated 
in tumors [ 82 ]. 

 The HOX antisense intergenic RNA (HOTAIR), one of the best well-known 
lncRNAs, is a 2.2 kbp lncRNA molecule located on chromosome 12q13.13. 
HOTAIR is reported to be upregulated in many prevalent human cancers. There is 
substantial evidence that HOTAIR takes part in carcinogenesis, metastatic 
dissemination, and drug resistance. Expression of HOTAIR is an important 
prognostic marker of many cancers [ 83 ,  84 ]. Li et al. have discovered that high 
expression level of HOTAIR in laryngeal squamous cell carcinoma promotes 
methylation of the tumor suppressor PTEN, resulting to tumorigenesis [ 85 ]. While 
suppressed expression of HOTAIR could inhibit tumorigenesis and tumor 
proliferation [ 86 ], elevated expression level of HOTAIR was found in primary 
breast tumor and metastases, with its expression level in primary tumor as a powerful 
predictor of poor prognosis. HOTAIR increased the tumor invasiveness and 
metastasis in a polycomb repressive complex 2 (PRC2)-dependent manner [ 87 ]. 
Besides, the depletion of HOTAIR was found to associate with increased expression 
of E-cadherin and decreased expression of vimentin [ 86 ]. In clinical specimens of 
gastric cancer and colon cancer, HOTAIR inhibition was found to reverse the EMT 
process [ 88 ,  89 ]. All of these suggest that HOTAIR may act as an EMT modulator. 
In addition, recent research has uncovered that HOTAIR contributes to cisplatin 
resistance through downregulation of p21 expression [ 90 ]. Furthermore, substantial 
evidence indicates that HOTAIR may take part in the CSC regulation. It was found 
to be expressed at a much higher level in the colon CSC subpopulation 
(CD133 + CD44 + ) compared with the other non-stem cancer cells. And knockdown 
of HOTAIR by siRNA correlated with a decreased colony forming capacity of colon 
and breast cancer cells [ 91 ]. These results suggest that HOTAIR may be an important 
regulator of cancer cell plasticity and a valuable predictor of tumor progression. 
HOTAIR inhibition may be a potential option for cancer prevention and CSC- 
targeted therapies. 

 Another lncRNA associated tightly with tumorigenesis is antisense noncoding 
RNA in the INK4 locus (ANRIL). Similar with HOTAIR, through binding to and 
recruiting PCR2, ANRIL represses the expression of p15 INK4B  locus, which encodes 
a tumor suppressor p15 INK4B  and has a pivotal role in cell cycle inhibition, senescence, 
and stress-induced apoptosis [ 92 ]. Besides, Nie et al. have uncovered another 
mechanism of ANRIL repression of p15 via silencing of KLF2 and P21 transcription 
[ 93 ]. These observations suggest that one of lncRNA’s mechanisms in mediating 
tumorigenesis may be through silencing of tumor suppressor genes. 

 The metastasis-associated lung adenocarcinoma transcript 1 (lncRNA MALAT1) 
is widely expressed in normal organs, such as lung and pancreas, and upregulated in 
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several cancer types [ 94 – 96 ]. Through comparing metastatic and nonmetastatic 
early stage non-small cell lung cancer (NSCLC) tumors, MALAT1 was fi rst 
demonstrated to be signifi cantly associated with high metastatic potential and poor 
patient prognosis [ 97 ]. Consequently, a number of studies began to investigate the 
correlation of MALAT1 and metastasis. MALAT1 was then proved to be a regulator 
of numerous metastasis-associated gene expressions in lung cancer [ 96 ]. Through 
siRNA-mediated silencing of MALAT1 in bladder cancer cells, Ying et al. have 
found a decreased level in EMT-associated transcription factors, such as ZEB1, 
SIP1, and Slug, and an increased level of E-cadherin. They further demonstrated 
that MALAT1 promoted EMT in a Wnt signaling pathway activation-dependent 
manner [ 98 ]. MALAT1 was found to function in regulating the TGF-β-induced 
EMT [ 99 ]. In addition, it could promote tumor growth and metastasis in osteosarcoma 
by activating the PI3K-AKT pathway [ 100 ]. These results indicate that MALAT1 
acts as a novel EMT regulator and may be a potential therapeutic target for cancer 
metastasis. 

 Besides oncogenic lncRNA, such as HOTAIR, ANRIL, and MALAT1, there are 
some lncRNAs acting as tumor suppressors. For instance, lincRNA-p21, a 3.1 kbp 
transcript located in the proximity of the cell cycle regulator gene Cdkn1a, via 
physically associating with heterogeneous nuclear ribonucleoprotein K (hnRNP-K), 
mediates transcription repression in the p53 pathway to regulate hundreds of p53 
downstream target genes and triggers apoptosis [ 101 ]. Another tumor-suppressive 
lncRNA is GAS5, growth arrest-specifi c 5, which is abundant in cells with arrested 
growth owing to nutrients lacking, infl uences the cell survival and metabolism by 
modulating the transcriptional activity of the glucocorticoid receptor [ 102 ]. 
Signifi cant reduction of GAS5 level has been observed in breast cancer tissues 
relative to corresponding adjacent normal tissues [ 103 ], partially explaining cancer 
cell survival in nutrient-lacking environment. Collectively, these studies show that 
tumor-suppressive lncRNA may play critical roles in cancer biology, but the 
underlying mechanisms still require much more exploration. 

 Since both miRNA and lncRNA are critical regulators of cancer, the interaction 
of miRNA and lncRNA in regulating cancer properties has drawn much attention. 
Recently, increasing studies have described the interaction between miRNA and 
lncRNA. LncRNA and miRNA may act as either decoy or decay reciprocally. The 
well-known lncRNA HOTAIR, on one hand, was found to suppress the tumor 
suppressor miR-7, by modulating the expression of HoxD10, and therefore sustain 
the expression of C-myc, Twist, and miR-9, hence maintaining the EMT process 
and the CSC pool of breast cancer [ 104 ]. On the other hand, expression of HOTAIR 
was repressed by miR-34a via directly binding to HOTAIR mRNA sequence in 
prostate cancer cells [ 105 ]. Liu et al. have also found a reciprocal suppressive 
relation between the p53-regulated tumor suppressor loc285194 and the tumor 
promoter miR-211. The tumor growth inhibition mediated by loc285194 was in part 
due to loc285194-specifi c suppression of miR-211 [ 106 ]. Besides, lncRNA and 
miRNA might synergize with each other. Studies in embryo development have 
discovered that miR-675 is embedded in the lncRNA  H19 ’s fi rst exon. By controlling 
the release of miR-675, H19 limited the growth of placenta before birth [ 107 ]. 
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However, whether H19 and miR-675 function in the same way in tumor, we need 
more exploration.  

6.6     Conclusions and Perspectives 

 Many human tumors consist of heterogeneous components, among which cancer 
stem cells possess the ability to self-renew and differentiate into the non-tumorigenic 
progeny, therefore driving tumorigenesis, proliferation, metastatic dissemination, 
and drug resistance. The cancer cell plasticity enables tumor to transition between 
distinct morphologies and proliferate at primary or distant sites. EMT is the most 
important molecular mechanism of cancer cell plasticity, either in non-tumorigenic 
cells or in cancer stem cells. Accumulating evidence indicates that noncoding RNA 
plays a vital role in regulating cancer and cancer stem cell biology. Alteration in 
miRNA expression alone has been found to cause neoplasm [ 108 ,  109 ]. Herein, we 
have discussed that noncoding RNAs, mainly miRNA and lncRNA, may act as 
oncogenic or tumor suppressors in cancer formation and progression and cancer 
stem cell biology. There defi nitely exists an ncRNA network in controlling cancer 
cell plasticity and CSC transition through regulating EMT-associated genes and 
relevant signaling pathways. Interaction of miRNA and lncRNA seems to play an 
important role in cancer and CSC properties, prompting a potential therapeutic 
method by targeting both miRNAs and lncRNAs, correlative oncogenes, and 
signaling pathways. However, as there are large amounts of ncRNAs, many 
underlying mechanisms of their interactions and physiological and pathological 
roles are still undiscovered.     
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    Chapter 7   
 Noncoding RNAs in Regulation of Cancer 
Metabolic Reprogramming                     

     Dongdong     Yang    ,     Linchong     Sun    ,     Zhaoyong     Li    , and     Ping     Gao    

    Abstract     Since the description of the Warburg effect 90 years ago, metabolic 
reprogramming has been gradually recognized as a major hallmark of cancer cells. 
Mounting evidence now indicates that cancer is a kind of metabolic disease, quite 
distinct from conventional perception. While metabolic alterations in cancer cells 
have been extensively observed in glucose, lipid, and amino acid metabolisms, its 
underlying regulatory mechanisms are still poorly understood. Noncoding RNA, 
also known as the “dark matter in life,” functions through various mechanisms at 
RNA level regulating different biological pathways. The last two decades have wit-
nessed the booming of noncoding RNA study on microRNA (miRNA), long non-
coding RNA (lncRNA), circular RNA (circRNA), PIWI-interacting RNA (piRNA), 
etc. In this chapter, we will discuss the regulatory roles of noncoding RNAs on 
cancer metabolism.  

  Keywords     Noncoding RNA   •   MicroRNA   •   Long noncoding RNA   •   Glucose   • 
  Lipid   •   Amino acid   •   Cancer metabolism  
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  α-KG    α-Ketoglutarate   
  Glu    Glutamine   
  Pro    Proline   
  BCAAs    Branched-chain amino acids   
  HMG-CoA    3-Hydroxy-3-methylglutaryl-coenzyme A   
  MVA    Mevalonic acid   
  IPP    Isopentenyl pyrophosphate   
  SE    Squalene epoxide   
  Chol    Cholesterol   
  7-DHC    7-Dehydrocholesterol   
  IGF1-R    Insulin-like growth factor 1 receptor   
  GLUTs    Glucose transporters   
  G6PC    Glucose-6-phosphatase   
  HK2    Hexokinase 2   
  G6PD    Glucose-6-phosphate dehydrogenase   
  PKM2    Pyruvate kinase M2   
  LDHA    Lactate dehydrogenase A   
  PDK1    Pyruvate dehydrogenase kinase 1   
  PDH    Pyruvate dehydrogenase   
  ACLY    ATP citrate lyase   
  FASN    Fatty acid synthase   
  HMGCS1    3-Hydroxy-3-methylglutaryl-CoA synthase 1   
  HMGCR    3-Hydroxy-3-methylglutaryl-CoA reductase   
  DHCR7    7-Dehydrocholesterol reductase   
  CPT1A    Carnitine palmitoyltransferase 1A   
  GLS    Glutaminase   
  POX    Proline dehydrogenase   
  DBT    Dihydrolipoyl branched-chain acyltransferase   
  SQLE    Squalene epoxidase   

7.1         Introduction 

7.1.1     Metabolic Reprogramming in Cancer 

 Metabolism is generally considered as one of the most fundamental features of 
biological life. It refers to a series of enzyme-catalyzed reactions within the cells, 
allowing substance and energy exchange between the living organism and the exter-
nal environment. Metabolism is usually divided into two categories, catabolism 
(dissimilation) and anabolism (assimilation), representing harvesting energy 
through cellular respiration and using energy to construct cellular components, 
respectively. Metabolic pattern under pathological process such as tumorigenesis is 
quite different from that under physiological status, a phenomenon called metabolic 
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reprogramming. The principle of metabolic reprogramming aims at balancing 
energy demand and expenditure and doing the best to facilitate the synthesis of 
micromolecules to promote cancer cell proliferation. 

 In the 1920s, Otto Warburg discovered that, compared to their normal counter-
parts, tumor cells prefer to consume more glucose and use glycolytic pathway to 
produce more lactate, even under oxygen-rich conditions [ 1 ,  2 ]. This phenomenon 
is named Warburg effect or aerobic glycolysis. Nevertheless, sporadic attention has 
been drawn to the fi eld of cancer metabolism for many years until about two decades 
ago, when evidence has been accumulated to demonstrate that most if not all can-
cers possess the character of Warburg effect which, in fact, is now widely regarded 
as one of the emerging hallmarks of cancer cells [ 3 ]. Metabolic reprogramming 
allows cancer cells to employ distinct metabolic strategy to meet the demands of 
proliferation or survival under different scenarios. Because of rapid cell growth and 
abnormal intratumoral blood vessels [ 4 ,  5 ], blood fl ow within solid tumors is both 
spatial and temporal heterogeneity, resulting in a high degree of metabolic hetero-
geneity [ 6 ]. Regional metabolic patterns vary largely according to the particularity 
of the microenvironment, especially the differential supply of nutrients and oxygen. 
Under nutrient-replete conditions, cancer cells show a propensity for synthesizing 
macromolecules such as lipids, proteins, and nucleic acids in order to sustain the 
rapid proliferation phenotype, while under nutrient-limiting conditions, tumor cells 
tend to perform catabolism: many alternative energy sources, such as acetate [ 7 –
 10 ], lactate [ 11 ], and branched-chain amino acid [ 12 ], have been identifi ed to pro-
vide energy as well as carbon skeleton materials in extreme conditions. 

 Alterations in cancer cell metabolism not only happen in glucose metabolism but 
also in lipid and amino acid metabolism [ 13 ,  14 ]. Adaptive changes in tumor cell 
metabolism include a switch from oxidative phosphorylation to glycolysis and a 
shift from glucose to glutamine as the major carbon source for fatty acid synthesis, 
especially under specifi c microenvironment such as hypoxia [ 15 ]. While nutrients 
are limiting, increased protein scavenging, lipid scavenging, and fatty acid oxida-
tion could be observed [ 6 ]. As a general consequence, changes of metabolic path-
ways in cancer cells would eventually lead to the activation of oncogenes, 
inactivation of tumor suppressor genes, and their comprehensive integrations. For 
instances, LKB1/AMPK [ 16 ], c-Myc [ 17 – 20 ], HIF-1 [ 20 – 22 ], p53 [ 20 ,  23 ], and 
other signaling pathways are extensively involved in these processes. However, we 
are still far from a complete understanding of how metabolic reprogramming is 
regulated in cancer cells.  

7.1.2     Noncoding RNAs in Cancer 

 RNAs can be categorized into two groups: protein-coding RNAs which can be 
translated into functional proteins (i.e., messenger RNA or mRNA) and noncoding 
RNAs which function only at RNA levels [ 24 ,  25 ]. Generally speaking, noncoding 
RNAs include transfer RNA (tRNA), ribosomal RNA (rRNA), microRNA (miRNA) 
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[ 26 ], small nuclear RNA (snRNA), small nucleolar RNA (snoRNA), antisense RNA 
(atRNA), heterogeneous nuclear RNA (hnRNA), small interfering RNA (siRNA) 
[ 27 ,  28 ], guide RNA (gRNA), enhancer RNA (eRNA), signal recognition particle 
(SNP) RNA, transfer-messenger RNA (tmRNA), PIWI-interacting RNA (piRNA) 
[ 29 – 31 ], etc. In terms of their size, noncoding RNAs can be divided into small non-
coding RNAs [ 32 ] about 20–200 nucleotides such as miRNAs, piRNAs, siRNAs, 
etc., and long noncoding RNAs (lncRNAs) [ 33 ,  34 ] which are over 200 nucleotides. 
Only 1–2 % of the human genome is responsible for protein encoding [ 35 ], and the 
rest of the noncoding area was previously thought to be useless, i.e., “junk DNA” 
whose transcript products are noncoding RNAs. Although known as the “dark mat-
ter in life,” noncoding RNAs have now been validated to function in various biologi-
cal processes by mounting evidence, including regulation of mRNA stability, 
protein translation and transport, RNA processing and modifi cation, chromatin 
structure adjustment, and so on [ 36 – 38 ]. 

 The genetic regulatory roles of noncoding RNAs were fi rst discovered about two 
decades ago when two microRNAs Lin-4 and Let-7 were reported in 1993 [ 39 ,  40 ]. 
More and more evidence indicates that noncoding RNAs, either miRNAs or 
lncRNAs, alter in the initiation and progression of human cancer [ 41 ] and may also 
act as tumor suppressors or oncogenes [ 42 ]. As we all know, each miRNA or 
lncRNA can have hundreds of cancer-related target genes, indicating that they can 
participate in various pathophysiological processes of cancer cells. Recent studies 
have identifi ed miR-34 is regulated by p53 after DNA damage and expression of 
miR-34 leads to cell cycle arrest [ 43 ,  44 ]. Another study has shown that twist- 
induced miR-10b [ 45 ] promotes cell migration and invasion in mouse and human 
breast cancer cells [ 21 ]. MiR-21 was the fi rst miRNA being coined as an oncomiR 
due to its universal upregulation and pro-growth effect in cancer [ 46 ]. In accor-
dance, miR- 21 overexpression in vivo resulted in elevated tumor outgrowth [ 47 ]. 
MiR-155 has also been found to be overexpressed in many cancer types including 
hematopoietic cancers, lung, breast, and colon cancer [ 48 ]. Mouse models lacking 
miR-155 show impaired function of B and T lymphocytes and dendritic cells [ 49 ]. 
HOTAIR, an lncRNA discovered by Howard Chang’s group, recruits polycomb 
repressive complex 2 (PRC2) to transcriptionally corepress the expression of the 
homeobox gene D cluster (HOXD), thus reprogramming chromatin state to promote 
cancer metastasis [ 50 ]. In a word, noncoding RNAs are extensively involved in vari-
ous processes of tumorigenesis.  

7.1.3     The Interplay Between Noncoding RNAs and Cancer 
Metabolism 

 It becomes well known during the last decade that noncoding RNAs act as key regu-
lators of cancer metabolism [ 51 – 53 ]. Cancer cells display increased metabolic fl ex-
ibility compared to non-transformed cells, such as taking up nutrients avidly and 
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regulating major metabolic pathways to support fast growth and proliferation [ 54 ]. 
MiRNAs, owing to their small sizes, can target specifi cally certain metabolic or 
regulatory genes to exert precise modulation at posttranscription levels. For instance, 
the regulatory roles of miR-19a/miR-19b [ 55 ] in glucose metabolism, miR-33a/
miR-33b [ 56 ,  57 ] in lipid metabolism, and miR-21 [ 58 ] in amino acid metabolism 
have greatly enriched our view on microRNA-modulated cancer metabolism. Long 
noncoding RNAs can have multiple ways of gene regulation such as functioning at 
transcriptional level or posttranscriptional level or through epigenetic status modu-
lation, because of their structure fl exibility to interact with different protein factors 
[ 53 ,  59 – 61 ]. The fi nding that lincRNA-p21 regulates Warburg effect directly links 
long noncoding RNAs to cancer metabolic regulation [ 62 ]. Here in this chapter, we 
will discuss in detail the important roles noncoding RNAs play in the regulation of 
cancer metabolism.   

7.2     MicroRNAs Regulate Cancer Metabolic Reprogramming 

 Among noncoding RNAs, miRNAs are the best characterized. They are a family of 
non-protein-coding, single-stranded RNAs which can negatively regulate target 
gene expression. MiRNA-encoding genes at intergenic, intronic, or polycistronic 
genomic loci are transcribed into long primary miRNAs (pri-miRNAs) by RNA 
polymerase II or, in some cases, by RNA polymerase III [ 63 – 65 ]. The pri-miRNA 
transcript forms a stem-loop structure that is recognized and processed by the 
microprocessor, Drosha and DGCR8 RNase III complex [ 66 ]. The generated pre-
cursor miRNA (pre-miRNA) is then ready to be exported to the cytoplasm with the 
help of nuclear export receptor exportin 5 (XPO5), which is a RanGTP-dependent 
transporter protein [ 67 ,  68 ]. In the cytoplasm, pre-miRNAs are cleaved near the 
terminal loop by the RNase III enzyme Dicer, subsequently releasing the 20–24 
nucleotides mature miRNA duplexes [ 69 ,  70 ]. MicroRNAs play their roles through 
partial or complete complementary pairing with sequences usually located in the 3ʹ 
untranslated region (UTR) of target mRNAs in two ways: inhibiting protein transla-
tion or facilitating mRNA degradation [ 71 ,  72 ]. MiRNAs can manage the expres-
sion of genes involved in various biologic processes, including cell cycle, 
development, signal transduction, metabolism, and metastasis, as well as cell prolif-
eration, differentiation, and apoptosis. 

7.2.1     MiRNAs and Glucose Metabolism 

 As a major carbon source, glucose is pivotal to cancer cell survival. Hence, the pro-
cesses of its uptake, transportation, consumption, and synthesis are tightly regulated 
to sustain glucose homeostasis during cancer cell metabolic reprogramming [ 73 –
 77 ]. Herein, we will discuss the effect of microRNAs exerting on glucose 
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metabolism [ 78 ], including glucose source and expenditure. As for the source of 
glucose, three primary processes should be considered: (1) insulin receptor 
signaling- mediated glucose homeostasis, (2) glucose transporter-mediated uptake 
of nutrient from blood circulation, and (3) transformation of glucose from nonsugar 
substances via gluconeogenesis. The consumption of glucose mainly involves aero-
bic glycolysis, pentose phosphate pathway, mitochondrial respiration, or tricarbox-
ylic acid cycle, all of which will be specifi ed respectively in the following 
paragraphs. 

7.2.1.1     Source of Glucose 

 First of all, as a vital hormone playing a fundamental role on balancing circulating 
glucose level, insulin ensures cellular glucose homeostasis sustaining through insu-
lin signaling pathway [ 79 ]. Dysregulation of this signaling pathway will lead to lack 
of energy fuel in the cell. Wang et al. have reported that in glioma cells miR-7, a 
tumor-suppressive miRNA, directly targets the 3’-UTR of insulin-like growth factor 
1 receptor (IGF1-R) gene to inhibit cellular growth and glycolysis [ 80 ]. Clinical 
investigation of individuals shows that miR-26a regulates insulin sensitivity and 
metabolism of glucose and lipids. Overweight individuals will have decreased 
expression of liver miR-26a compared with lean individuals. Moreover, global or 
liver-specifi c overexpression of miR-26a improves insulin sensitivity, decreases 
hepatic glucose production in mice with high-fat diet, and vice versa [ 81 ]. Another 
study demonstrates that obesity-induced upregulation of miR-143, which targets 
oxysterol-binding protein-related protein 8 (ORP8), inhibits insulin-stimulated 
AKT activation and impairs glucose homeostasis [ 82 ]. MiR-143 has also been 
reported to downregulate hexokinase 2 (HK2) and inhibit glycolysis and cancer 
progression [ 83 ]. 

 Glucose transportation into cancer cells is mediated by various glucose trans-
porters (GLUTs). Thirteen members of the mammalian glucose transporter family 
have been identifi ed, belonging to the solute carrier 2A (SLC2A) family [ 78 ,  84 ]. 
Glut1 and Glut3 with high affi nities for glucose are overexpressed in transformed 
cells rather than Glut2 and Glut5 which have low affi nities for glucose [ 84 ]. Glut4, 
another glucose transporter, is reported to be closely related to insulin resistance. 
Those GLUTs mentioned above are extensively regulated by miRNAs in cancer 
cells. In renal cell carcinoma, miR-1291 inhibits Glut1 and displays a tumor- 
suppressive effect [ 85 ]. Another study in renal cell carcinoma has demonstrated that 
decreased expression of miR-199a, miR-138, miR-150, and miR-532-5p is corre-
lated with Glut1 upregulation, while increased expression of miR-130b, miR-19a, 
miR-19b, and miR-301a is associated with downregulation of Glut1 [ 55 ]. MiR-133 
reduces the protein level of KLF15 and its downstream effector Glut4 [ 86 ]. MiR- 
223, which is consistently upregulated in insulin-resistant cardiomyocyte, increases 
glucose uptake via inducing Glut4 protein expression. In addition, Glut4 can also be 
regulated and inhibited by miR-93 [ 87 ]. When cancer cells are cultured under nutri-
ent starvation conditions, especially when glucose is short of supply, gluconeogen-
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esis will be upregulated to generate glucose. It has been reported that miR-33a and 
miR-33b inhibit G6PC as well as PCK1 through directly targeting the two key 
enzymes of hepatic gluconeogenesis [ 88 ].  

7.2.1.2     Consumption of Glucose 

 Cancer cells avidly uptake glucose for catabolism to meet the energy demands, 
meanwhile providing synthetic micromolecules [ 73 – 77 ]. Glycolysis is upregulated 
in most cancer cell types, being a striking feature of cancer and providing a possibil-
ity by positron emission computed tomography (PET) [ 89 ,  90 ]. It can also provide 
cancer cells with macromolecules as well as reducing power by strengthening the 
pentose phosphate pathway to meet the need of rapid proliferation and reduce reac-
tive oxygen species (ROS) production from oxidative phosphorylation (OXPHOS) 
[ 91 ,  92 ]. As Warburg has previously suggested, mitochondrial defect is not a com-
mon case in most cancer cells [ 92 ]. Noncoding RNAs, especially microRNAs, con-
tribute to the switch from mitochondrial respiration to glycolysis by directly or 
indirectly targeting the key metabolic enzymatic nodes in these important pathways 
[ 93 ]. MiR-143, suppressed by mTOR activation, reduces glucose metabolism and 
inhibits cancer cell proliferation by targeting HK2 [ 94 ,  95 ]. Pyruvate kinase M2 
(PKM2), a rate-limiting glycolytic enzyme, is also regulated by microRNAs. MiR- 
122 reprograms glucose metabolism in pre-metastatic niche to promote breast can-
cer metastasis by directly targeting and inhibiting PKM2 [ 96 ]. Let-7a-c-Myc-hnRNPA1 
feedback loop has also been reported to be indirectly involved in PKM2-promoting 
glycolysis and cell growth in gliomas [ 97 ]. Although pyruvate is produced during 
glycolysis process, its fate is still undetermined: being converted to lactate by 
LDHA, entering TCA cycle for mitochondrial respiration, or being a source for 
alanine synthesis. One of the strategies that cancer cells use to achieve glycolytic 
switch is through controlling PDHX and PDK. It has been reported that miR-26a 
targets PDHX in colorectal cancer cells [ 98 ] and that miR-375 regulates cell sur-
vival by targeting PDK1 in gastric carcinomas [ 99 ]. Interestingly, another powerful 
microRNA, miR-34a, targets many glycolytic enzymes including HK1, HK2, 
LDHA and GPI, as well as PDK1 [ 100 ,  101 ].  

7.2.1.3     Glucose-Related Signaling Pathways 

 Apart from those mentioned above, signal transduction pathways related to glucose 
metabolism are also largely involved. The tumor-suppressive miR-218 targets the 
mTOR component Rictor and inhibits subsequently AKT phosphorylation in oral 
cancer, resulting in glucose metabolism impairment [ 102 ]. LKB1/AMPK signaling 
is well known for its powerful energy sensing ability of sensitively and rapidly 
responding to AMP/ATP ratio. MiR-451 regulates LKB1/AMPK signaling and 
allows an adaptation under metabolic stress conditions in glioma cells [ 103 ]. A 
recent study has demonstrated that upregulation of Lin-28A/Lin-28B and 
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downregulation of Let-7 facilitate aerobic glycolysis in various cancer cell lines and 
PDK1 expression is critical for Lin-28A-/Lin-28B-mediated cancer proliferation 
both in vitro and in vivo [ 104 ]. Moreover, the regulation of aerobic glycolysis via 
Lin-28/Let-7/PDK1 axis is in a hypoxia- or HIF-1-independent manner [ 104 ].   

7.2.2     MiRNAs and Lipid Metabolism 

 Lipids are water-insoluble molecules mainly consisting of triglycerides and lipoids 
such as phospholipids and sterols [ 105 ,  106 ]. Among all the important roles lipids 
serve at cellular and organismal levels, there are three primary ones: comprising 
energy storage, signal transduction, and structural components of cell membranes 
[ 107 ,  108 ]. Fatty acids are basic building blocks to synthesize triglycerides mainly 
for energy storage. Phospholipids and sterols, together with glycolipids, represent 
three major classes of bio-membranous lipids. Lipids can also have important roles 
in signaling, functioning as second messengers and as hormones [ 109 ]. Specifi c 
alterations in cancer cell lipid metabolism include de novo lipid synthesis rather 
than directly uptaking exogenous sources, storing lipid rather than oxidation for 
usage, and forming cholesterol ester from free cholesterols to promote tumor cell 
migration. To achieve the regulation on lipid synthesis and homeostasis pathways, 
cancer cells need to integrate various transcription factors and different oncogenic 
signaling pathways which, to some degree, are regulated by noncoding RNAs as 
well as protein factors. Herein, we focus on microRNAs that regulate the metabo-
lism of fatty acids and cholesterol, two vital classes of lipids, and discuss the tran-
scription factors and signaling pathways involved. 

7.2.2.1     Fatty Acid Metabolism 

 Compared with glucose metabolism, lipid metabolism enjoyed less attention during 
the previous years. Nevertheless, the importance of lipid metabolism reprogram-
ming in cancer cells has been increasingly recognized with extensive studies in fatty 
acid metabolism fi elds [ 110 ]. Fatty acid uptake, synthesis, storage, metabolism, and 
homeostasis are of vital importance for they are the basic building blocks required 
to produce phospholipids (PLs), phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), sterols, sphingolipids, and lyso-PLs [ 111 ]. The source of fatty acid 
synthesis is either from uptaking from the environment or from de novo synthesis, 
the latter of which is preferred by cancer cells. Referring to fatty acid metabolism, 
four steps should be taken into consideration: (1) fatty acid synthesis, ATP citrate 
lyase (ACLY), acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), and 
acyl-CoA synthetase (ACS) are involved; (2) fatty acid degradation, carnitine pal-
mitoyltransferase 1A (CPT1A) is involved; (3) fatty acid storage, glycerol-3- 
phosphate acyltransferase (GPAT), 1-acylglycerol-3-phosphate-O-acyltransferase 
(AGPAT), phosphatidic acid phosphatase (PAP), and diacylglycerol acyltransferase 
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(DGAT) are involved; and (4) fatty acid release from storage, adipose triacylglycer-
ide lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase 
(MAGL) are involved. Those enzymes mentioned above can be the major direct 
targets of microRNAs. MiR-33, an extensively studied sterol regulatory element- 
binding transcription factor 2 (SREBF2)-embedded microRNA, inhibits the transla-
tion process of several transcripts encoding enzymes in fatty acid β-oxidation such 
as CPT1A, CROT, and HADHB, thus disturbing fatty acid degradation [ 112 ]. MiR- 
33- mediated inhibition of SIRT6 expression also results in increased chromatin 
acetylation and derepression of sterol regulatory element-binding protein (SREBP)-
dependent fatty acid biosynthesis genes, thus increasing lipogenesis [ 113 ,  114 ]. The 
hypoxia-inducible microRNA cluster miR-199 ~ 214 has been reported to target 
myocardial PPARδ and impair mitochondrial fatty acid oxidation process [ 115 ]. 
Sterol regulatory element-binding proteins (SREBPs) are important transcription 
factors that regulate fatty acid and cholesterol metabolism [ 116 – 119 ], and PPARα 
is the major transcriptional regulator of fatty acid oxidation for its activity that 
induces oxidation in the mitochondrion [ 120 – 122 ]. The infl uences of miRNAs 
exerting on fatty acid metabolism are largely dependent on the regulation of these 
two factors which we will discuss more in the following.  

7.2.2.2     Cholesterol Metabolism 

 Cholesterol is required for the cancer cell growth and survival for being a basic 
component of cell membranes and an obligate precursor molecule of various ste-
roid hormones, bile acids [ 123 ], and vitamin D [ 124 ]. Its dietary absorption, syn-
thesis, release, transportation, and storage are all tightly regulated [ 125 ]. Free 
cholesterol and triglyceride are secreted from the liver to other parts of the body in 
the form of VLDL with the help of the chaperone protein called microsomal tri-
glyceride transfer protein (MTP) [ 126 ]. Reverse cholesterol transport (RCT) is a 
complicated process relying on the interaction between apolipoprotein A1 (ApoA1) 
and ATP-binding cassette transporter A1 (ABCA1) to form a nascent HDL parti-
cle. ATP-binding cassette transporter G1 (ABCG1) further effl uxes cholesterol to 
nascent HDL, eventually forming the mature HDL particle [ 127 ,  128 ]. HDL then 
returns to the liver and is absorbed by scavenger receptor B1 (SRB1) for recycling 
[ 127 ]. SREBP2 is a transcription factor that responds to low cellular cholesterol 
levels, increasing cellular cholesterol levels by promoting uptake and synthesis 
while reducing cholesterol effl ux. In contrast, the liver X receptor (LXR) family of 
transcription factors are stimulated under cholesterol excess conditions, decreasing 
cellular cholesterol levels by upregulating cholesterol effl ux and reducing uptake 
and synthesis [ 126 ]. Almost every process discussed above can be targeted by ver-
satile microRNAs. 

 MiR-122 is the most abundant microRNA in the liver, comprising approximately 
70 % of total miRNAs [ 79 ]. Inhibition of miR-122 by antisense oligonucleotides in 
mice results in increased hepatic fatty acid oxidation and decreased cholesterol syn-
thesis. Meanwhile, total plasma cholesterol is reduced by 25–35 %, which is 
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refl ected by the changing levels of both the LDL and HDL fractions. MiR-122 
 inhibition can also indirectly cause a decrease on cholesterol synthesis enzymes 
including 3-hydroxy-3-methylglutaryl-CoA synthase 1 (HMGCS1), 3-hydroxy-
3-methylglutaryl-CoA reductase (HMGCR), 7-dehydrocholesterol reductase 
(DHCR7), and squalene epoxidase (SQLE) [ 129 ,  130 ]. The SREBP transcription 
factors act coordinately with their intronic miRNAs miR-33a and miR-33b to regu-
late fatty acids, triglyceride, and cholesterol homeostasis. Several recent studies 
have reported the discovery of the miRNA-host gene circuit, demonstrating that 
miR-33a cooperates with the SREBP2 to upregulate intracellular cholesterol levels 
[ 131 ,  132 ]. MiR-33a and miR-33b are also found to have a crucial role in the post-
transcriptional repression of ABCA1, which promotes the effl ux of free cholesterol 
from within the cell to ApoA1 and is essential for the formation of HDL [ 133 ]. 
Other microRNAs such as miR-758 and miR-106b also act as vital roles in regulat-
ing cholesterol homeostasis [ 134 ,  135 ].  

7.2.2.3     SREBPs, LXR, PPARα, and Signal Transduction Pathways 

 SREBPs, with the basic helix-loop-helix leucine zipper motif, activated under cho-
lesterol limit conditions, are the major regulators of fatty acid and cholesterol 
homeostasis [ 125 ]. SREBP2 enhances cholesterol uptake and synthesis by activat-
ing LDL receptor (LDLR), scavenger receptor B1 (SRB1), 3-hydroxy-3- 
methylglutaryl-CoA reductase (HMG-CoA-R), 3-hydroxy-3-methylglutaryl-CoA 
synthase 1 (HMG-CoA-S1), and methylsterol monoxygenase (SC4MOL) and 
decreases cholesterol effl ux via suppressing ABCA1, ABCG1, ATP-binding cas-
sette transporter G5/G8 (ABCG5/ABCG8), and cholesterol 7-alpha- monooxygenase 
also known as cytochrome P450 7A1 (CYP7A1). Conversely, LXR activation 
increases cholesterol effl ux and catabolism by stimulating ABCA1, ABCG1, 
ABCG5/ABCG8, and CYP7A1 accordingly while decreasing cholesterol uptake 
and synthesis by inhibiting LDLR, SRB1, HMG-CoA-R, and HMG-CoA-S1. AKT 
and mTORC1 [ 136 – 139 ] are two major upstream regulators of those transcription 
factors mentioned above in fatty acid metabolism and cholesterol metabolism. 
Activated PI3K/AKT signaling increases overall fatty acid synthesis by upregulat-
ing SREBPs and its downstream enzymes FASN and SCD-1 [ 140 – 143 ]. AKT 
inhibits the expression of CPT1A, one of the principal mitochondrial membrane 
long-chain fatty acid (LCFA) importers, therefore impairing β-oxidation [ 144 ,  145 ]. 
PTEN, the endogenous tumor suppressor for PI3K/AKT, is downregulated by 
monounsaturated fatty acid (MUFA)-induced miR-21, thus increasing AKT- 
dependent FASN expression [ 146 ,  147 ]. AMPK also inhibits SREBPs indirectly via 
LXR or via direct phosphorylation [ 148 ]. Therefore, downregulation of AMPKα1 
by miR-33a and miR-33b may relieve AMPK inhibition of both SREBPs and their 
target genes to coordinately boost intracellular levels of cholesterol, fatty acids, and 
other lipids [ 149 ,  150 ].   
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7.2.3     MiRNAs and Amino Acid Metabolism 

7.2.3.1     Glutamine and Proline 

 Amino acids have been dichotomized into essential and nonessential. Several non-
essential amino acids become quite critical for cancer cells to respond to microen-
vironmental stress. Glutamine (Gln), the most abundant free nonessential amino 
acid in human blood, complements glucose to meet the demands in a metabolic 
platform that maximizes anabolism in growing tumor cells. Glutaminase (GLS) is 
the fi rst enzyme that converts glutamine to glutamate, which is further converted to 
α-ketoglutarate for metabolism in the TCA cycle. In 2009, Gao and colleagues 
found that mitochondrial GLS protein was induced in c-Myc high-expressing 
human P493 B lymphocytes. Further analysis of the regulation mechanism has indi-
cated that c-Myc transcriptionally represses miR-23a and miR-23b, releasing the 
expression of their target protein GLS. Thus, glutaminolysis pathway is enhanced, 
and the product glutamate enters into the TCA cycle for the production of ATP and 
the synthesis of glutathione [ 19 ,  151 ]. Additionally, NF-κB p65/Rel A subunit also 
inhibits miR-23a expression via directly binding to its promoter in human leukemic 
Jurkat cells, leading to increased basal GLS protein expression and reinforced glu-
tamine metabolism [ 152 ]. 

 Although less well-recognized, proline is another nonessential amino acid inter-
convertible with glutamate and arginine. The steps between proline and glutamate 
are as follows: glutamate → glutamic-γ-semialdehyde (GSA) → Δ1-pyrroline-5- 
carboxylic acid (P5C) → proline. Proline oxidase, also called proline dehydrogenase 
(POX/PRODH), is a mitochondrial inner-membrane enzyme involved in the degra-
dation of proline and catalyzes the fi rst step in proline catabolism. Liu et al. have 
found that, in c-Myc-inducible human P493 B lymphocytes and PC3 human pros-
tate cancer cells, POX suppression is necessary for c-Myc-mediated cancer cell 
proliferation and survival and c-Myc suppresses POX at the transcriptional level 
indirectly through upregulating miR-23b*. Importantly, c-Myc markedly increases 
the biosynthesis of proline from glutamine. The metabolic link between noncoding 
RNAs and glutamine as well as proline modulated by c-Myc emphasizes the impor-
tance of these connections [ 153 – 155 ].  

7.2.3.2     One-Carbon Metabolism 

 Compared to the profound understanding of glycolysis and glutaminolysis in cancer 
cells, we are just beginning to appreciate the critical impact of one-carbon metabo-
lism, which has been long considered as “housekeeping” process during cancer 
progression. One-carbon metabolism includes folate and methionine cycles and ser-
ine synthesis pathway from different cellular nutritional statuses and impacts the 
balance of redox status; the biosynthesis of lipids, nucleotides, and proteins; and so 
on [ 156 – 158 ]. 
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 Methionine adenosyltransferase (MAT) is an indispensable enzyme responsible 
for the biosynthesis of S-adenosyl methionine (SAM), a principal biological methyl 
donor in all mammalian cells [ 159 ]. In mammals, MAT1A and MAT2A, two differ-
ent genes encoding for two homologous MAT catalytic subunits α1 and α2, are liver 
markers at different developmental stages. MAT1A is predominantly expressed in 
normal liver and often silenced in HCC, accompanied by opposite variation of 
MAT2A, known as the MAT1A/MAT2A switch [ 160 – 163 ]. In hepatocellular carci-
noma Hep3B and HepG2 cells, overexpression of miR-664, miR-485-3p, and miR- 
495 negatively regulates MAT1A expression at mRNA level. Conversely, decreased 
cell growth ability and increased cellular apoptosis are induced when these miRNAs 
are knocked down. Higher nuclear MAT1A expression robustly reinforces global 
CpG methylation and Lin-28B promoter methylation, thus reducing Lin-28B 
expression and resulting in lower probability of tumorigenesis, invasion, and metas-
tasis [ 164 ]. MAT2B, the gene encoding a MAT2A regulatory subunit, can result in 
decreased SAM levels and provide a growth advantage to hepatoma cells. Berberine, 
an isoquinoline alkaloid isolated from various medicinal herbs such as  Coptis chi-
nensis , induces miR-21-3p expression which upregulates intracellular SAM con-
tents in HepG2 cells through directly targeting MAT2A and MAT2B 3’-UTRs 
[ 165 ]. During 2-acetylaminofl uorene (2-AAF)-induced rat hepatocarcinogenesis, 
the inhibition of MAT1A and 5,10-methylenetetrahydrofolate reductase (MTHFR) 
gene expression is mediated by miR-29 and miR-22, respectively. Downregulation 
of MAT1A and MTHFR leads to an increase in histone H3 lysine 27 trimethylation 
and a decrease in histone H3 lysine 18 acetylation at the promoter/fi rst exon of the 
gene, accompanied with alteration of one-carbon metabolism, such as SAM, SAH, 
and SAM/SAH ratio [ 166 ]. Using computational miRNA target prediction methods 
and Monte Carlo-based statistical analyses, Stone and colleagues have identifi ed 
two candidate miRNA “master regulators” (miR-22 and miR-125) and one candi-
date pair of “master coregulators” (miR-344-5p/miR-484 and miR-488) that may 
infl uence the expression of a signifi cant number of genes (such as MTHFD2, 
MTHFR, SHMT2, DNMT3A/DNMT3B, and so on) involved in one-carbon metab-
olism [ 167 ]. Recently, it is found that mosquito-specifi c miR-1174 targets serine 
hydroxymethyltransferase (SHMT2), a mitochondrial enzyme taken part in serine 
synthesis pathway, and complete miR-1174 elimination will lead to serious defects 
in sugar absorption [ 168 ]. However, whether the regulatory mechanism also exists 
in tumor cells remains unknown.  

7.2.3.3     Branched-Chain Amino Acids 

 The branched-chain amino acids (BCAAs), leucine, isoleucine, and valine, are 
essential amino acids because they cannot be synthesized de novo. These three 
kinds of essential amino acids make up approximately 1/3 of skeletal muscle in the 
human body and constitute about 40 % of the preformed amino acids required by 
mammals [ 169 ]. Exercise promotes BCAA catabolism [ 170 ], and BCAAs play vital 
roles in synapse function, insulin secretion, and protein turnover [ 171 ,  172 ]. 
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 In mammals, branched-chain α-ketoacid dehydrogenase (BCKD) catalyzes the 
irreversible reaction in BCAA catabolism and thus commits to a decrease in the 
concentration of these amino acids within cancer cell. MiR-29b, one of the mem-
bers of human miR-29 family members, targets mRNA of dihydrolipoyl branched- 
chain acyltransferase (DBT), which is a vital component of BCKD. Thus, miR-29b 
maintains BCAA homeostasis which is crucial given that these amino acids account 
for up to 20 % of the amino acids found in most proteins [ 173 ].    

7.3     Long Noncoding RNAs Regulate Cancer Metabolism 
Reprogramming 

 In 2002, Okazaki and colleagues identifi ed a novel transcriptional class, later 
referred to as long noncoding RNAs, when analyzing the mouse transcriptome 
based on functional annotation of 60,770 full-length cDNA libraries [ 174 ]. Long 
noncoding RNAs (lncRNAs) are abundant, poorly conserved, non-polyadenylated 
non-protein-coding transcripts arbitrarily defi ned as being longer than 200 nucleo-
tides [ 175 ]. For the better part of the past decade, particular attention has focused on 
the booming of lncRNA studies owing to the advancement of genomic functional 
research. LncRNAs have been extensively studied in various physiological and 
pathological processes such as X-chromosome inactivation and gastrointestinal 
cancers [ 176 ]. Because of the size and specifi cally transcription by RNA poly-
merase III, lncRNAs play different roles in transcriptional, posttranscriptional, and 
epigenetic gene regulation. Referring to transcription regulation, lncRNAs can act 
as coregulators, modify transcription factor activities, or associate with coregulators 
to regulate specifi c gene transcription. Meanwhile, lncRNAs may interact with the 
component of basal transcription machinery to regulate global transcriptional pat-
tern. Mechanism of posttranscriptional regulation involves modulating splicing and 
siRNA-directed transcript degradation and translation process. Besides, epigenetic 
states will also have infl uences on transcription pattern and cancer biology, such as 
imprinting, Xist and X-chromosome inactivation, and telomeric regulation, which 
can also be affected by lncRNAs [ 14 ,  177 – 179 ]. 

 A lot of lncRNAs are indicated in cancer progression. For example, enhanced 
expression of lncRNA MALAT1 promotes cell proliferation and migration in pan-
creatic cancer [ 180 ]. Another lncRNA, PVT1, promotes tumorigenesis in non-small 
cell lung cancer and induces multidrug resistance in gastric cancer cells [ 181 ]. In 
addition, c-Myc-activated lncRNA CCAT1 promotes proliferation and invasion in 
colon cancer cells [ 182 ]. 

 Moreover, the study of lncRNAs and cancer metabolism is a combination and 
extension of two supremely hot-studied fi elds. There have been many indications of 
lncRNA playing a role in regulating cancer metabolism before the fi rst direct inter-
actions of lncRNA with metabolic enzymes was found. For instances, a large quan-
tity of lncRNAs act as miRNA sponges to impair the function of miRNAs, which 
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relates lncRNAs to the paragraphs we have discussed above. Another example is 
that the H19 lncRNA, which is implicated in development and growth control and 
is associated with cancer, can act as a molecular sponge by inhibiting Let-7 [ 183 ]. 
H19 expression is remarkably elevated in a variety of human cancers. Recently, H19 
RNA has also been reported to be upregulated in hypoxic stress and to demonstrate 
oncogenic properties, which can be prevented by wild-type p53 and promoted by 
HIF-1α overexpression [ 184 ]. However, H19 has been found to be signifi cantly 
decreased in muscle cells of human with type 2 diabetes, which leads to increased 
bioavailability of Let-7 and subsequent diminishment of Let-7 targets and results in 
impaired insulin signaling and decreased glucose uptake [ 185 ]. In addition, H19 can 
function as a precursor of miR-675, which represses cell migration in normal pros-
tate epithelial cells by targeting TGFBI, an extracellular matrix protein enhancing 
cancer metastasis [ 186 ]. Another lncRNA, UCA1, has been shown to promote gly-
colysis in bladder cancer cells through mTOR-STAT3/microRNA-143-HK2 cas-
cade, revealing a link between lncRNA and the dysregulated glucose metabolism in 
cancer [ 187 ]. 

 A remarkable work on lncRNA regulating cancer metabolism published recently 
is that hypoxia-induced lincRNA-p21 regulates Warburg effect via reciprocal mech-
anism. Yang et al. have showed that lincRNA-p21 is hypoxia-responsive and critical 
to enhanced glycolysis under hypoxic conditions via binding to HIF-1α and VHL 
and disrupting VHL-HIF-1α interaction. Thus, lincRNA-p21 attenuates VHL- 
mediated HIF-1α ubiquitination and leads to HIF-1α stabilization and accumula-
tion. The positive feedback loop between lincRNA-p21 and HIF-1α can promote 
tumor growth which is validated in vitro and in vivo [ 62 ]. Another novel lncRNA, 
colorectal neoplasia differentially expressed (CRNDE), which is activated early in 
colorectal cancer, responds to insulin/IGF signaling and involves in metabolism 
regulation. CRNDE potentially interacts with chromatin-modifying complexes, 
thus affecting epigenetic status. In colorectal cancer cells, insulin treatment and 
insulin-like growth factors (IGFs) suppress CRNDE nuclear transcripts, which can 
be reversed by PI3K/AKT/mTOR or Raf/MAPK pathway inhibitors. SiRNA- 
mediated knockdown of CRNDE affects the expression of genes involved in insu-
lin/IGF signaling pathway, including glucose and lipid metabolism, which suggests 
that CRNDE expression can facilitate the switch to aerobic glycolysis in cancer 
cells [ 188 ]. Other lncRNAs, such as liver-specifi c lncRNA HULC, can be transcrip-
tionally stabilized by the IGF2 mRNA-binding protein 1 (IGF2BP1). HULC is 
reported to modulate aberrant lipid metabolism via targeting miR-9-mediated 
RXRA signaling in hepatoma cells [ 189 ]. 

 Central signaling pathways involving in cancer metabolic reprogramming are 
also regulated by lncRNAs, providing good hints for investigating the roles lncRNAs 
play in cancer cell metabolism. Liu et al. have identifi ed that lncRNA NKILA inter-
acts with NF-κB/IκB complex, repressing NF-κB signaling and cancer-associated 
infl ammation. Low expression of NKILA is also found to be associated with breast 
cancer metastasis and poor clinical prognosis [ 190 ]. Growth arrest-specifi c 5 
(GAS5) lncRNA, an androgen receptor repressor, promotes apoptosis of prostate 
cancer cells and declines in castrate-resistant prostate cancer cells. Inhibition of 
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mTOR will enhance GAS5 expression, and GAS5 itself is required for mTOR 
inhibitor action, suggesting the reciprocal regulation of GAS5 lncRNA and mTOR 
inhibitor [ 191 ]. Prostate cancer gene expression marker 1 (PCGEM1) is an 
androgen- induced lncRNA overexpressed within prostate cancer and shows its 
tumorigenic potential due to its ability of androgen receptor activation. Hung et al. 
have reported that PCGEM1 takes part in cancer metabolism regulation and pro-
motes glucose uptake through activating c-Myc. Glucose then can be shunted to 
pentose phosphate pathway to facilitate biosynthesis of macromolecules and 
reduced force for maintaining redox balance [ 192 ]. Interestingly, studies also sug-
gest that lncRNAs involve in p53 regulatory network, i.e., MALAT1, MEG3, 
Wrap53, PANDA, RoR [ 184 ,  193 ,  194 ], etc. RoR, an extracellular lncRNA, is also 
reported to modulate hypoxia signaling pathways [ 195 ]. All those interactions 
between lncRNAs and important players suggest the potential roles of lncRNAs in 
regulating tumor metabolism.  

7.4     Other Noncoding RNAs in Cancer Metabolism 
Reprogramming 

7.4.1    PIWI-interacting RNAs 

 PIWI-interacting RNA (piRNA), one of the largest classes of small ncRNAs, forms 
RNA-protein complexes via association with PIWI proteins. Compared to miRNAs, 
piRNAs have distinct characteristics of decreased sequence conservation and 
increased complexity. PiRNA-protein complexes have been involved in both post-
transcriptional gene silencing and epigenetic status in germ line cells, particularly in 
spermatogenesis [ 29 – 31 ]. Surprisingly, Huang and colleagues show that zuc/
MitoPLD activity is required for piRNA-mediated silencing of transposable ele-
ments both in fl y and mouse germ lines [ 196 ]. As we all know that mitochondria is 
a central component of cell metabolism, the interaction between mitochondrial sig-
naling and piRNA pathway suggests the potential roles piRNAs may play in tumor 
metabolism.  

7.4.2     Small Nucleolar RNAs 

 Small nucleolar RNAs (snoRNAs), another class of small RNA molecules, have a 
basic function of guiding chemical modifi cations on other RNAs, such as transfer 
RNAs, ribosomal RNAs, and small nuclear RNAs. There are two major categories 
of snoRNAs: C/D box snoRNAs associated with methylation and H/ACA box 
snoRNAs associated with pseudouridylation [ 197 – 200 ]. Through genetic screen-
ing, Jinn et al. have identifi ed snoRNA U17 as a regulator of cellular cholesterol 
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homeostasis by altering intracellular cholesterol traffi cking via targeting HUMMR 
mRNA and modulating ER-mitochondria contacts. The newly identifi ed function of 
U17 other than ribosomal processing directly links snoRNAs to tumor metabolism 
and suggests the important role of U17 snoRNA-HUMMR pathway in tumorigen-
esis [ 201 ].  

7.4.3     Circular RNAs 

 The word “circular RNA (circRNA)” was fi rst proposed by Sanger et al. in 1976, 
suggesting that viroids are single-stranded, thermally stable, covalently closed cir-
cular RNA molecules which are pathogenic to several higher plants [ 202 ]. Circular 
RNAs can be formed by direct ligation of 5’ and 3’ ends of linear RNAs or by “back-
splicing” a splicing form of a downstream 5’ splice site joining to an upstream 3’ 
splice site [ 203 ,  204 ]. It has been identifi ed that competing endogenous RNA and 
circular RNA act as important regulators of miRNA activity. Hansen and colleagues 
have identifi ed that ciRS-7 acts as a specifi c miR-7 sponge, inhibiting the expres-
sion of several oncogenes regulated by miR-7 and suggesting the important roles 
ciRS-7/miR-7 axis plays in cancer-related pathways and for clinical usage [ 205 ].   

7.5     Conclusions and Future Perspectives 

 As illustrated in the fi gure (see Fig.  7.1 ), noncoding RNAs are extensively involved 
in the nutrient metabolism of malignancy. Cancer is a kind of metabolic disease. On 
one hand, metabolic reprogramming has been recognized as distinct characteristics 
of cancer cells, providing basis for cancer monitoring, diagnosis, and antitumor 
therapies. On the other hand, it is of vital importance for us to study the differential 
metabolic profi les of cancerous and normal cells globally and to fi nd out pivotal 
metabolic enzymatic nodes that contribute to tumorigenesis. Current studies on 
tumor metabolism have focused on fi nding the “Achilles’” heel of cancer and greatly 
enriched our understanding of tumor nature. Meanwhile, many issues in this fi eld 
remain to be explored. For example, what are the substantive characteristics of aber-
rant metabolism of tumor cells? What causes the abnormal metabolic pattern and 
what’s the mechanism? What consequences will metabolic reprogramming bring to 
cancer cells? How can we target the characteristic metabolic changes to cure the 
disease? Besides the regular hotspots in noncoding RNA research fi elds, the inter-
play between noncoding RNAs and cancer metabolism has attracted much atten-
tion. Noncoding RNAs, owing to its small size and specifi city on gene regulation in 
cancer biology, provide an attractive antitumor therapeutic approach through target-
ing cancer metabolic reprogramming. Hopefully in the near future, interplay 
between noncoding RNAs and cancer metabolism will depict a new landscape of 
cancerous disease and lead to promising clinical therapies.
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respiration pathway. Fatty acid synthesis and cholesterol synthesis are depicted as lipid metabo-
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 green        

 

7 Noncoding RNAs in Regulation of Cancer Metabolic Reprogramming



208

   9.    Mashimo T, Pichumani K, Vemireddy V, et al. Acetate is a bioenergetic substrate for human 
glioblastoma and brain metastases. Cell. 2014;159:1603–14.  

    10.    Schug ZT, Peck B, Jones DT, et al. Acetyl-CoA synthetase 2 promotes acetate utilization and 
maintains cancer cell growth under metabolic stress. Cancer Cell. 2015;27:57–71.  

    11.    Feron O. Pyruvate into lactate and back: from the Warburg effect to symbiotic energy fuel 
exchange in cancer cells. Radiother Oncol. 2009;92:329–33.  

    12.    Tonjes M, Barbus S, Park YJ, et al. BCAT1 promotes cell proliferation through amino acid 
catabolism in gliomas carrying wild-type IDH1. Nat Med. 2013;19:901–8.  

    13.    Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell. 2008;134:703–7.  
     14.    Li Z, Zhang H. Reprogramming of glucose, fatty acid and amino acid metabolism for cancer 

progression. Cell Mol Life Sci. 2015;73(2):377–92.  
    15.    Semenza GL. HIF-1 mediates metabolic responses to intratumoral hypoxia and oncogenic 

mutations. J Clin Invest. 2013;123:3664–71.  
    16.    Hardie DG, Alessi DR. LKB1 and AMPK and the cancer-metabolism link – ten years after. 

BMC Biol. 2013. doi:  10.1186/1741-7007-11-36    .  
    17.    Dang CV. Therapeutic targeting of Myc-reprogrammed cancer cell metabolism. Cold Spring 

Harb Symp Quant Biol. 2011;76:369–74.  
   18.    Dang CV. MYC on the path to cancer. Cell. 2012;149:22–35.  
    19.    Dang CV, Le A, Gao P. MYC-induced cancer cell energy metabolism and therapeutic oppor-

tunities. Clin Cancer Res. 2009;15:6479–83.  
      20.    Yeung SJ, Pan J, Lee MH. Roles of p53, Myc and HIF-1 in regulating glycolysis – the seventh 

hallmark of cancer. Cell Mol Life Sci. 2008;65:3981–99.  
    21.    Semenza GL. Regulation of cancer cell metabolism by hypoxia-inducible factor 1. Semin 

Cancer Biol. 2009;19:12–6.  
    22.    Semenza GL. HIF-1: upstream and downstream of cancer metabolism. Curr Opin Genet Dev. 

2010;20:51–6.  
    23.    Kruiswijk F, Labuschagne CF, Vousden KH. P53 in survival, death and metabolic health: a 

lifeguard with a licence to kill. Nat Rev Mol Cell Biol. 2015;16:393–405.  
    24.    Mattick JS. Challenging the dogma: the hidden layer of non-protein-coding RNAs in com-

plex organisms. Bioessays. 2003;25:930–9.  
    25.    Mattick JS. The hidden genetic program of complex organisms. Sci Am. 2004;291:60–7.  
    26.    Heinrichs A. MicroRNAs get a boost. Nat Rev Mol Cell Biol. 2009;10:302.  
    27.    Baumann K. Gene expression: RNAi as a global transcriptional activator. Nat Rev Mol Cell 

Biol. 2014;15:298.  
    28.    Dillon CP, Sandy P, Nencioni A, et al. RNAI as an experimental and therapeutic tool to study 

and regulate physiological and disease processes. Annu Rev Physiol. 2005;67:147–73.  
     29.    Ross RJ, Weiner MM, Lin HF. PIWI proteins and PIWI-interacting RNAs in the soma. 

Nature. 2014;505:353–9.  
   30.    Sato K, Siomi MC. Piwi-interacting RNAs: biological functions and biogenesis. Essays 

Biochem. 2013;54:39–52.  
     31.    Weick EM, Miska EA. PiRNAs: from biogenesis to function. Development. 

2014;141:3458–71.  
    32.    Kim VN, Han J, Siomi MC. Biogenesis of small RNAs in animals. Nat Rev Mol Cell Biol. 

2009;10:126–39.  
    33.    Batista PJ, Chang HY. Long non-coding RNAs: cellular address codes in development and 

disease. Cell. 2013;152:1298–307.  
    34.    Bonasio R, Shiekhattar R. Regulation of transcription by long non-coding RNAs. Annu Rev 

Genet. 2014;48:433–55.  
    35.    Liz J, Esteller M. LncRNAs and microRNAs with a role in cancer development. Biochim 

Biophys Acta. 2016;1859(1):169–76. doi:  10.1016/j    .  
    36.    Fu XD. Non-coding RNA: a new frontier in regulatory biology. Natl Sci Rev. 

2014;1:190–204.  
   37.    Kugel JF, Goodrich JA. Non-coding RNAs: key regulators of mammalian transcription. 

Trends Biochem Sci. 2012;37:144–51.  

D. Yang et al.

http://dx.doi.org/10.1186/1741-7007-11-36
http://dx.doi.org/10.1016/j


209

    38.    Mondal T, Kanduri C. Maintenance of epigenetic information: a non-coding RNA perspec-
tive. Chromosom Res. 2013;21:615–25.  

    39.    Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 
2004;116:281–97.  

    40.    Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes small 
RNAs with antisense complementarity to lin-14. Cell. 1993;75:843–54.  

    41.    Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 
2006;6:857–66.  

    42.    Esquela-Kerscher A, Slack FJ. Oncomirs – microRNAs with a role in cancer. Nat Rev Cancer. 
2006;6:259–69.  

    43.    Chang TC, Wentzel EA, Kent OA, et al. Transactivation of miR-34a by p53 broadly infl u-
ences gene expression and promotes apoptosis. Mol Cell. 2007;26:745–52.  

    44.    He L, He X, Lim LP, et al. A microRNA component of the p53 tumour suppressor network. 
Nature. 2007;447:1130–4.  

    45.    Ma L, Teruya-Feldstein J, Weinberg RA. Tumour invasion and metastasis initiated by 
microRNA-10b in breast cancer. Nature. 2007;449:682–8.  

    46.    Volinia S, Calin GA, Liu CG, et al. A microRNA expression signature of human solid tumors 
defi nes cancer gene targets. Proc Natl Acad Sci U S A. 2006;103:2257–61.  

    47.    Hatley ME, Patrick DM, Garcia MR, et al. Modulation of K-Ras-dependent lung tumorigen-
esis by MicroRNA-21. Cancer Cell. 2010;18:282–93.  

    48.    Faraoni I, Antonetti FR, Cardone J, et al. miR-155 gene: a typical multifunctional 
microRNA. Biochim Biophys Acta. 2009;1792:497–505.  

    49.    Rodriguez A, Vigorito E, Clare S, et al. Requirement of bic/microRNA-155 for normal 
immune function. Science. 2007;316:608–11.  

    50.    Gupta RA, Shah N, Wang KC, et al. Long non-coding RNA HOTAIR reprograms chromatin 
state to promote cancer metastasis. Nature. 2010;464:1071–6.  

    51.    Chan B, Manley J, Lee J, et al. The emerging roles of microRNAs in cancer metabolism. 
Cancer Lett. 2015;356:301–8.  

   52.    Pulito C, Donzelli S, Muti P, et al. MicroRNAs and cancer metabolism reprogramming: the 
paradigm of metformin. Ann Transl Med. 2014;2:58.  

     53.    Zhao XY, Lin JD. Long non-coding RNAs: a new regulatory code in metabolic control. 
Trends Biochem Sci. 2015;40:586–96.  

    54.    Chen B, Li H, Zeng X, et al. Roles of microRNA on cancer cell metabolism. J Transl Med. 
2012;10:228.  

     55.    Chow TF, Mankaruos M, Scorilas A, et al. The miR-17-92 cluster is over expressed in and has 
an oncogenic effect on renal cell carcinoma. J Urol. 2010;183:743–51.  

    56.    Lefebvre P, Staels B. SREBF2-embedded mir33 links the nuclear bile acid receptor FXR to 
cholesterol and lipoprotein metabolism. Arterioscler Thromb Vasc Biol. 2015;35:748–9.  

    57.    Ono K, Horie T, Nishino T, et al. MicroRNA-33a/b in lipid metabolism - novel “thrifty” 
models. Circ J. 2015;79:278–84.  

    58.    Lo TF, Tsai WC, Chen ST. MicroRNA-21-3p, a berberine-induced miRNA, directly down- 
regulates human methionine adenosyltransferases 2A and 2B and inhibits hepatoma cell 
growth. PLoS ONE. 2013;8:e75628.  

    59.    Haemmerle M, Gutschner T. Long non-coding RNAs in cancer and development: where do 
we go from here? Int J Mol Sci. 2015;16:1395–405.  

   60.    Karapetyan AR, Buiting C, Kuiper RA, et al. Regulatory roles for long ncRNA and 
mRNA. Cancers. 2013;5:462–90.  

    61.    Prensner JR, Chinnaiyan AM. The emergence of lncRNAs in cancer biology. Cancer Discov. 
2011;1:391–407.  

     62.    Yang F, Zhang H, Mei Y, et al. Reciprocal regulation of HIF-1alpha and lincRNA-p21 modu-
lates the Warburg effect. Mol Cell. 2014;53:88–100.  

    63.    Borchert GM, Lanier W, Davidson BL. RNA polymerase III transcribes human microRNAs. 
Nat Struct Mol Biol. 2006;13:1097–101.  

7 Noncoding RNAs in Regulation of Cancer Metabolic Reprogramming



210

   64.    Lee Y, Jeon K, Lee JT, et al. MicroRNA maturation: stepwise processing and subcellular 
localization. EMBO J. 2002;21:4663–70.  

    65.    Lee Y, Kim M, Han J, et al. MicroRNA genes are transcribed by RNA polymerase II. EMBO 
J. 2004;23:4051–60.  

    66.    Yang JS, Lai EC. Alternative miRNA biogenesis pathways and the interpretation of core 
miRNA pathway mutants. Mol Cell. 2011;43:892–903.  

    67.    Bohnsack MT, Czaplinski K, Gorlich D. Exportin 5 is a RanGTP-dependent dsRNA-binding 
protein that mediates nuclear export of pre-miRNAs. RNA. 2004;10:185–91.  

    68.    Yi R, Qin Y, Macara IG, et al. Exportin-5 mediates the nuclear export of pre-microRNAs and 
short hairpin RNAs. Genes Dev. 2003;17:3011–6.  

    69.    Hutvagner G, McLachlan J, Pasquinelli AE, et al. A cellular function for the RNA-interference 
enzyme Dicer in the maturation of the let-7 small temporal RNA. Science. 2001;293:834–8.  

    70.    Ketting RF, Fischer SEJ, Bernstein E, et al. Dicer functions in RNA interference and in syn-
thesis of small RNA involved in developmental timing in C-elegans. Genes Dev. 
2001;15:2654–9.  

    71.    Cannell IG, Kong YW, Bushell M. How do microRNAs regulate gene expression? Biochem 
Soc Trans. 2008;36:1224–31.  

    72.    Lim LP, Lau NC, Garrett-Engele P, et al. Microarray analysis shows that some microRNAs 
down-regulate large numbers of target mRNAs. Nature. 2005;433:769–73.  

     73.    Bensinger SJ, Christofk HR. New aspects of the Warburg effect in cancer cell biology. Semin 
Cell Dev Biol. 2012;23:352–61.  

   74.    Cairns RA, Harris IS, Mak TW. Regulation of cancer cell metabolism. Nat Rev Cancer. 
2011;11:85–95.  

   75.    Elf SE, Chen J. Targeting glucose metabolism in patients with cancer. Cancer. 
2014;120:774–80.  

   76.    Upadhyay M, Samal J, Kandpal M, et al. The Warburg effect: insights from the past decade. 
Pharmacol Ther. 2013;137:318–30.  

     77.    Wu W, Zhao S. Metabolic changes in cancer: beyond the Warburg effect. Acta Biochim 
Biophys Sin. 2013;45:18–26.  

     78.    Yu C, Xue J, Zhu W, et al. Warburg meets non-coding RNAs: the emerging role of ncRNA in 
regulating the glucose metabolism of cancer cells. Tumour Biol. 2015;36:81–94.  

     79.    Sun L, He X, Cao Y, et al. MicroRNAs and energy metabolism in cancer cells. In: Sadegh B, 
editor. MicroRNAs: key regulators of oncogenesis. Switzerland: Springer; 2014. p. 83–95.  

    80.    Wang B, Sun F, Dong N, et al. MicroRNA-7 directly targets insulin-like growth factor 1 
receptor to inhibit cellular growth and glucose metabolism in gliomas. Diagn Pathol. 
2014;9:211. doi:  10.1186/s13000-014-0211-y    .  

    81.    Fu XH, Dong BN, Tian Y, et al. MicroRNA-26a regulates insulin sensitivity and metabolism 
of glucose and lipids. J Clin Investig. 2015;125:2497–509.  

    82.    Jordan SD, Kruger M, Willmes DM, et al. Obesity-induced overexpression of miRNA-143 
inhibits insulin-stimulated AKT activation and impairs glucose metabolism. Nat Cell Biol. 
2011;13:434–46.  

    83.    Fang R, Xiao T, Fang Z, et al. MicroRNA-143 (miR-143) regulates cancer glycolysis via 
targeting hexokinase 2 gene. J Biol Chem. 2012;287:23227–35.  

     84.    Macheda ML, Rogers S, Best JD. Molecular and cellular regulation of glucose transporter 
(GLUT) proteins in cancer. J Cell Physiol. 2005;202:654–62.  

    85.    Burant CF, Bell GI. Mammalian facilitative glucose transporters: evidence for similar sub-
strate recognition sites in functionally monomeric proteins. Biochemistry. 
1992;31:10414–20.  

    86.    Horie T, Ono K, Nishi H, et al. MicroRNA-133 regulates the expression of GLUT4 by target-
ing KLF15 and is involved in metabolic control in cardiac myocytes. Biochem Bioph Res 
Commun. 2009;389:315–20.  

    87.    Joost HG, Bell GI, Best JD, et al. Nomenclature of the GLUT/SLC2A family of sugar/polyol 
transport facilitators. Am J Physiol Endocrinol Metab. 2002;282:E974–6.  

D. Yang et al.

http://dx.doi.org/10.1186/s13000-014-0211-y


211

    88.    Ramirez CM, Goedeke L, Rotllan N, et al. MicroRNA 33 regulates glucose metabolism. Mol 
Cell Biol. 2013;33:2891–902.  

    89.    Busk M, Horsman MR, Jakobsen S, et al. Cellular uptake of PET tracers of glucose metabo-
lism and hypoxia and their linkage. Eur J Nucl Med Mol Imaging. 2008;35:2294–303.  

    90.    Kelloff GJ, Hoffman JM, Johnson B, et al. Progress and promise of FDG-PET imaging for 
cancer patient management and oncologic drug development. Clin Cancer Res. 
2005;11:2785–808.  

    91.    Kuehne A, Emmert H, Soehle J, et al. Acute activation of oxidative pentose phosphate path-
way as fi rst-line response to oxidative stress in human skin cells. Mol Cell. 
2015;59:359–71.  

     92.    Ward PS, Thompson CB. Metabolic reprogramming: a cancer hallmark even warburg did not 
anticipate. Cancer Cell. 2012;21:297–308.  

    93.    Gao P. MicroRNAs and cancer metabolism. In: Cho WCS, editor. MicroRNAs in cancer 
translational research. Switzerland: Springer; 2011. p. 485–97.  

    94.    Gregersen LH, Jacobsen A, Frankel LB, et al. MicroRNA-143 down-regulates Hexokinase 
2 in colon cancer cells. BMC Cancer. 2012;12:232.  

    95.    Peschiaroli A, Giacobbe A, Formosa A, et al. MiR-143 regulates hexokinase 2 expression in 
cancer cells. Oncogene. 2013;32:797–802.  

    96.    Fong MY, Zhou WY, Liu L, et al. Breast-cancer-secreted miR-122 reprograms glucose 
metabolism in premetastatic niche to promote metastasis. Nat Cell Biol. 2015;17:183–94.  

    97.    Luan WK, Wang YY, Chen XC, et al. PKM2 promotes glucose metabolism and cell growth 
in gliomas through a mechanism involving a let-7a/c-Myc/hnRNPA1 feedback loop. 
Oncotarget. 2015;6:13006–18.  

    98.    Chen B, Liu YL, Jin XW, et al. MicroRNA-26a regulates glucose metabolism by direct target-
ing PDHX in colorectal cancer cells. BMC Cancer. 2014;14:443. 
doi:  10.1186/1471-2407-14-443    .  

    99.    Tsukamoto Y, Nakada C, Noguchi T, et al. MicroRNA-375 is down-regulated in gastric car-
cinomas and regulates cell survival by targeting PDK1 and 14-3-3 zeta. Cancer Res. 
2010;70:2339–49.  

    100.    Kaller M, Liffers ST, Oeljeklaus S, et al. Genome-wide characterization of miR-34a induced 
changes in protein and mRNA expression by a combined pulsed SILAC and microarray anal-
ysis. Mol Cell Proteomics. 2011;10(8):M111.010462. doi:  10.1074/mcp.M111.010462    .  

    101.    Kim HR, Roe JS, Lee JE, et al. P53 regulates glucose metabolism by miR-34a. Biochem 
Biophys Res Commun. 2013;437:225–31.  

    102.    Uesugi A, Kozaki K, Tsuruta T, et al. The tumor suppressive microRNA miR-218 targets the 
mTOR component Rictor and inhibits AKT phosphorylation in oral cancer. Cancer Res. 
2011;71:5765–78.  

    103.    Godlewski J, Nowicki MO, Bronisz A, et al. MicroRNA-451 regulates LKB1/AMPK signal-
ing and allows adaptation to metabolic stress in glioma cells. Mol Cell. 2010;37:620–32.  

     104.    Ma X, Li C, Sun L, et al. Lin28/let-7 axis regulates aerobic glycolysis and cancer progression 
via PDK1. Nat Commun. 2014;5:5212.  

    105.    Medes G, Thomas A, Weinhouse S. Nutritional factors in fatty acid synthesis by tissue slices 
in vitro. J Biol Chem. 1952;197:181–91.  

    106.    Santos CR, Schulze A. Lipid metabolism in cancer. FEBS J. 2012;279:2610–23.  
    107.    Ameer F, Scandiuzzi L, Hasnain S, et al. De novo lipogenesis in health and disease. 

Metabolism. 2014;63:895–902.  
    108.    Currie E, Schulze A, Zechner R, et al. Cellular fatty acid metabolism and cancer. Cell Metab. 

2013;18:153–61.  
    109.    Huang CF, Freter C. Lipid metabolism, apoptosis and cancer therapy. Int J Mol Sci. 

2015;16:924–49.  
    110.    Fernandez-Hernando C, Suarez Y, Rayner KJ, et al. MicroRNAs in lipid metabolism. Curr 

Opin Lipidol. 2011;22:86–92.  
    111.    Wakil SJ, Abu-Elheiga LA. Fatty acid metabolism: target for metabolic syndrome. J Lipid 

Res. 2009;50:S138–43.  

7 Noncoding RNAs in Regulation of Cancer Metabolic Reprogramming

http://dx.doi.org/10.1186/1471-2407-14-443
http://dx.doi.org/10.1074/mcp.M111.010462


212

    112.    Davalos A, Goedeke L, Smibert P, et al. MiR-33a/b contribute to the regulation of fatty acid 
metabolism and insulin signaling. Proc Natl Acad Sci U S A. 2011;108:9232–7.  

    113.    Rottiers V, Najafi -Shoushtari SH, Kristo F, et al. MicroRNAs in metabolism and metabolic 
diseases. Cold Spring Harb Symp Quant Biol. 2011;76:225–33.  

    114.    Tao R, Xiong X, DePinho RA, et al. Hepatic SREBP-2 and cholesterol biosynthesis are regu-
lated by FoxO3 and Sirt6. J Lipid Res. 2013;54:2745–53.  

    115.    El Azzouzi H, Leptidis S, Dirkx E, et al. The hypoxia-inducible microRNA cluster miR-199a 
approximately 214 targets myocardial PPARdelta and impairs mitochondrial fatty acid oxida-
tion. Cell Metab. 2013;18:341–54.  

    116.    Jeon TI, Osborne TF. SREBPs: metabolic integrators in physiology and metabolism. Trends 
Endocrinol Metab. 2012;23:65–72.  

   117.    Shao W, Espenshade PJ. Expanding roles for SREBP in metabolism. Cell Metab. 
2012;16:414–9.  

   118.    Shimano H. SREBPs: physiology and pathophysiology of the SREBP family. FEBS 
J. 2009;276:616–21.  

    119.    Soyal SM, Nofziger C, Dossena S, et al. Targeting SREBPs for treatment of the metabolic 
syndrome. Trends Pharmacol Sci. 2015;36:406–16.  

    120.    Contreras AV, Torres N, Tovar AR. PPAR-alpha as a key nutritional and environmental sensor 
for metabolic adaptation. Adv Nutr. 2013;4:439–52.  

   121.    Gao J, Yuan S, Jin J, et al. PPARalpha regulates tumor progression, foe or friend? Eur 
J Pharmacol. 2015;765:560–4.  

    122.    Li TG, Chiang JYL. Regulation of bile acid and cholesterol metabolism by PPARs. Dig 
PPAR Res. 2009. doi:  10.1155/2009/501739    .  

    123.    Li TG, Chiang JYL. Bile acid signaling in metabolic disease and drug therapy. Pharmacol 
Rev. 2014;66:948–83.  

    124.    Koszowska AU, Nowak J, Dittfeld A, et al. Obesity, adipose tissue function and the role of 
vitamin D. Cen Eur J Immunol. 2014;39:260–4.  

     125.    Lefebvre P, Staels B. SREBF2-embedded mir33 links the nuclear bile acid receptor FXR to 
cholesterol and lipoprotein metabolism. Arterioscl Throm Vasc Biol. 2015;35:748–9.  

     126.    DiMarco DM, Fernandez ML. The regulation of reverse cholesterol transport and cellular 
cholesterol homeostasis by microRNAs. Biology. 2015;4:494–511.  

     127.    Annema W, Tietge UJ. Regulation of reverse cholesterol transport – a comprehensive 
appraisal of available animal studies. Nutr Metab. 2012;9:25.  

    128.    Hill SA, McQueen MJ. Reverse cholesterol transport-a review of the process and its clinical 
implications. Clin Biochem. 1997;30:517–25.  

    129.    Krutzfeldt J, Rajewsky N, Braich R, et al. Silencing of microRNAs in vivo with ‘antagomirs’. 
Nature. 2005;438:685–9.  

    130.    Rotllan N, Fernandez-Hernando C. MicroRNA regulation of cholesterol metabolism. 
Cholesterol. 2012;2012:847849.  

    131.    Najafi -Shoushtari SH, Kristo F, Li Y, et al. MicroRNA-33 and the SREBP host genes cooper-
ate to control cholesterol homeostasis. Science. 2010;328:1566–9.  

    132.    Rayner KJ, Suarez Y, Davalos A, et al. MiR-33 contributes to the regulation of cholesterol 
homeostasis. Science. 2010;328:1570–3.  

    133.    Niesor EJ, Schwartz GG, Perez A, et al. Statin-induced decrease in ATP-binding cassette 
transporter A1 expression via microRNA33 induction may counteract cholesterol effl ux to 
high-density lipoprotein. Cardiovasc Drugs Ther. 2015;29:7–14.  

    134.    Kim J, Yoon H, Ramirez CM, et al. MiR-106b impairs cholesterol effl ux and increases Abeta 
levels by repressing ABCA1 expression. Exp Neurol. 2012;235:476–83.  

    135.    Ramirez CM, Davalos A, Goedeke L, et al. MicroRNA-758 regulates cholesterol effl ux 
through posttranscriptional repression of ATP-binding cassette transporter A1. Arterioscl 
Throm Vasc Biol. 2011;31:2707–14.  

    136.    Han CC, Wei SH, He F, et al. The regulation of lipid deposition by insulin in goose liver cells 
is mediated by the PI3K-AKT-mTOR signaling pathway. PLoS ONE. 2015;10(5):e0098759. 
doi:  10.1371/journal.pone.0098759    .  

D. Yang et al.

http://dx.doi.org/10.1155/2009/501739
http://dx.doi.org/10.1371/journal.pone.0098759


213

   137.    Hsieh YC, Chen YM, Li CY, et al. To complete its replication cycle, a shrimp virus changes 
the population of long chain fatty acids during infection via the PI3K-Akt-mTOR-HIF1alpha 
pathway. Dev Comp Immunol. 2015;53:85–95.  

   138.    Li J, Huang Q, Long X, et al. CD147 reprograms fatty acid metabolism in hepatocellular 
carcinoma cells through Akt/mTOR/SREBP1c and P38/PPARalpha pathways. J Hepatol. 
2015;63(6):1378–89.  

    139.    Song MS, Salmena L, Pandolfi  PP. The functions and regulation of the PTEN tumour sup-
pressor. Nat Rev Mol Cell Biol. 2012;13:283–96.  

    140.    Dobrzyn P, Jazurek M, Dobrzyn A. Stearoyl-CoA desaturase and insulin signaling-what is 
the molecular switch? Biochim Biophys Acta. 2010;1797:1189–94.  

   141.    Krycer JR, Sharpe LJ, Luu W, et al. The Akt-SREBP nexus: cell signaling meets lipid metab-
olism. Trends Endocrinol Metab. 2010;21:268–76.  

   142.    Porstmann T, Santos CR, Griffi ths B, et al. SREBP activity is regulated by mTORC1 and 
contributes to Akt-dependent cell growth. Cell Metab. 2008;8:224–36.  

    143.    Teran-Garcia M, Adamson AW, Yu G, et al. Polyunsaturated fatty acid suppression of fatty 
acid synthase (FASN): evidence for dietary modulation of NF-Y binding to the Fasn pro-
moter by SREBP-1c. Biochem J. 2007;402:591–600.  

    144.    Deberardinis RJ, Lum JJ, Thompson CB, et al. Phosphatidylinositol 3-kinase-dependent 
modulation of carnitine palmitoyltransferase 1A expression regulates lipid metabolism dur-
ing hematopoietic cell growth. J Biol Chem. 2006;281:37372–80.  

    145.    Schlaepfer IR, Rider L, Rodrigues LU, et al. Lipid catabolism via CPT1 as a therapeutic tar-
get for prostate cancer. Mol Cancer Ther. 2014;13:2361–71.  

    146.    Gori M, Arciello M, Balsano C. MicroRNAs in nonalcoholic fatty liver disease: novel bio-
markers and prognostic tools during the transition from steatosis to hepatocarcinoma. Bio 
Med Res Int. 2014;2014:741465.  

    147.    Vinciguerra M, Carrozzino F, Peyrou M, et al. Unsaturated fatty acids promote hepatoma 
proliferation and progression through down-regulation of the tumor suppressor PTEN. J 
Hepatol. 2009;50:1132–41.  

    148.    Lee J, Hong SW, Park SE, et al. AMP-activated protein kinase suppresses the expression of 
LXR/SREBP-1 signaling-induced ANGPTL8 in HepG2 cells. Mol Cell Endocrinol. 
2015;414:148–55.  

    149.    Fernandez-Hernando C, Ramirez CM, Goedeke L, et al. MicroRNAs in metabolic disease. 
Arterioscler Thromb Vasc Biol. 2013;33:178–85.  

    150.    Zheng Y, Jiang S, Zhang Y, et al. Detection of miR-33 expression and the verifi cation of its 
target genes in the fatty liver of geese. Int J Mol Sci. 2015;16:12737–52.  

    151.    Gao P, Tchernyshyov I, Chang TC, et al. C-Myc suppression of miR-23a/b enhances mito-
chondrial glutaminase expression and glutamine metabolism. Nature. 2009;458:762–5.  

    152.    Rathore MG, Saumet A, Rossi JF, et al. The NF-kappa B member p65 controls glutamine 
metabolism through miR-23a. Int J Biochem Cell Biol. 2012;44:1448–56.  

    153.    Liu W, Le A, Hancock C, et al. Reprogramming of proline and glutamine metabolism contrib-
utes to the proliferative and metabolic responses regulated by oncogenic transcription factor 
c-MYC. Proc Natl Acad Sci U S A. 2012;109:8983–8.  

   154.    Liu YM, Borchert GL, Donald SP, et al. Proline oxidase functions as a mitochondrial tumor 
suppressor in human cancers. Cancer Res. 2009;69:6414–22.  

    155.    Phang JM, Liu W, Zabirnyk O. Proline metabolism and microenvironmental stress. Annu Rev 
Nutr. 2010;30:441–63.  

    156.    Koning T, Fuchs F, Klomp L. Serine, glycine, and threonine. In: Lajtha A, editor. Handbook 
of neurochemistry and molecular neurobiology-amino acids and peptides in the nervous sys-
tem. 3rd ed. Berlin: Springer; 2007. p. 23–45.  

   157.    Locasale JW. Serine, glycine and one-carbon units: cancer metabolism in full circle. Nat Rev 
Cancer. 2013;13:572–83.  

    158.    Tedeschi PM, Markert EK, Gounder M, et al. Contribution of serine, folate and glycine 
metabolism to the ATP, NADPH and purine requirements of cancer cells. Cell Death Dis. 
2013;4, e877.  

7 Noncoding RNAs in Regulation of Cancer Metabolic Reprogramming



214

    159.    Lu SC, Mato JM. S-Adenosylmethionine in cell growth, apoptosis and liver cancer. 
J Gastroenterol Hepatol. 2008;23(Supplement s1):S73–7.  

    160.    Avila MA, Berasain C, Torres L, et al. Reduced mRNA abundance of the main enzymes 
involved in methionine metabolism in human liver cirrhosis and hepatocellular carcinoma. 
J Hepatol. 2000;33:907–14.  

   161.    Cai J, Sun WM, Hwang JJ, et al. Changes in S-adenosylmethionine synthetase in human liver 
cancer: molecular characterization and signifi cance. Hepatology. 1996;24:1090–7.  

   162.    Frau M, Tomasi ML, Simile MM, et al. Role of transcriptional and posttranscriptional regula-
tion of methionine adenosyltransferases in liver cancer progression. Hepatology. 
2012;56:165–75.  

    163.    Wang W, Peng JX, Yang JQ, et al. Identifi cation of gene expression profi ling in hepatocellular 
carcinoma using cDNA microarrays. Dig Dis Sci. 2009;54:2729–35.  

    164.    Yang HP, Cho ME, Li TWH, et al. MicroRNAs regulate methionine adenosyltransferase 1A 
expression in hepatocellular carcinoma. J Clin Investig. 2013;123:285–98.  

    165.    Lo TF, Tsai WC, Chen ST. MicroRNA-21-3p, a berberine-induced miRNA, directly down- 
regulates human methionine adenosyltransferases 2A and 2B and inhibits hepatoma cell 
growth. PLoS ONE. 2013;8(9):883–8.  

    166.    Koturbash I, Melnyk S, James SJ, et al. Role of epigenetic and miR-22 and miR-29b altera-
tions in the down-regulation of Mat1a and Mthfr genes in early preneoplastic livers in rats 
induced by 2-acetylaminofl uorene. Mol Carcinog. 2013;52:318–27.  

    167.    Stone N, Pangilinan F, Molloy AM, et al. Bioinformatic and genetic association analysis of 
microRNA target sites in one-carbon metabolism genes. PLoS ONE. 2011;6:e21851.  

    168.    Liu S, Lucas KJ, Roy S, et al. Mosquito-specifi c microRNA-1174 targets serine hydroxy-
methyltransferase to control key functions in the gut. Proc Natl Acad Sci U S A. 
2014;111:14460–5.  

    169.    Shimomura Y, Murakami T, Nagasaki M, et al. Regulation of branched-chain amino acid 
metabolism and pharmacological effects of branched-chain amino acids. Hepatol Res. 
2004;30S:3–8.  

    170.    Shimomura Y, Murakami T, Nakai N, et al. Exercise promotes BCAA catabolism: effects of 
BCAA supplementation on skeletal muscle during exercise. J Nutr. 2004;134:1583S–7.  

    171.    Kimball SR. Regulation of global and specifi c mRNA translation by amino acids. J Nutr. 
2002;132:883–6.  

    172.    Yudkoff M. Brain metabolism of branched-chain amino acids. Glia. 1997;21:92–8.  
    173.    Mersey BD, Jin P, Danner DJ. Human microRNA (miR29b) expression controls the amount 

of branched chain alpha-ketoacid dehydrogenase complex in a cell. Hum Mol Genet. 
2005;14:3371–7.  

    174.    Okazaki Y, Furuno M, Kasukawa T, et al. Analysis of the mouse transcriptome based on 
functional annotation of 60,770 full-length cDNAs. Nature. 2002;420:563–73.  

    175.    Geisler S, Coller J. RNA in unexpected places: long non-coding RNA functions in diverse 
cellular contexts. Nat Rev Mol Cell Biol. 2013;14:699–712.  

    176.    Roth A, Diederichs S. Rap and chirp about X inactivation. Nature. 2015;521:170–1.  
    177.    Fatica A, Bozzoni I. Long non-coding RNAs: new players in cell differentiation and develop-

ment. Nat Rev Genet. 2014;15:7–21.  
   178.    Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into functions. Nat 

Rev Genet. 2009;10:155–9.  
    179.    Wilusz JE. Long non-coding RNAs: re-writing dogmas of RNA processing and stability. 

Biochim Biophys Acta. 2015;1859(1):128–38.  
    180.    Wu XS, Wang XA, Wu WG, et al. MALAT1 promotes the proliferation and metastasis of 

gallbladder cancer cells by activating the ERK/MAPK pathway. Cancer Biol Ther. 
2014;15:806–14.  

    181.    Zhang XW, Bu P, Liu L, et al. Overexpression of long non-coding RNA PVT1 in gastric 
cancer cells promotes the development of multidrug resistance. Biochem Biophys Res 
Commun. 2015;462:227–32.  

D. Yang et al.



215

    182.    He XL, Tan XM, Wang X, et al. C-Myc-activated long non-coding RNA CCAT1 promotes 
colon cancer cell proliferation and invasion. Tumor Biol. 2014;35:12181–8.  

    183.    Kallen AN, Zhou XB, Xu J, et al. The imprinted H19 lncRNA antagonizes let-7 microRNAs. 
Mol Cell. 2013;52:101–12.  

     184.    Matouk IJ, Mezan S, Mizrahi A, et al. The oncofetal H19 RNA connection: hypoxia, p53 and 
cancer. Biochem Biophys Acta (BBA) Mol Basis Dis. 2010;1803:443–51.  

    185.    Gao Y, Wu FJ, Zhou JC, et al. The H19/let-7 double-negative feedback loop contributes to 
glucose metabolism in muscle cells. Nucleic Acids Res. 2014;42:13799–811.  

    186.    Zhu MJ, Chen Q, Liu X, et al. lncRNA H19/miR-675 axis represses prostate cancer metasta-
sis by targeting TGFBI. FEBS J. 2014;281:3766–75.  

    187.    Li ZK, Li X, Wu SZ, et al. Long non-coding RNA UCA1 promotes glycolysis by up- 
regulating hexokinase 2 through the mTOR-STAT3/microRNA143 pathway. Cancer Sci. 
2014;105:951–5.  

    188.    Ellis BC, Graham LD, Molloy PL. CRNDE, a long non-coding RNA responsive to insulin/
IGF signaling, regulates genes involved in central metabolism. Biochem Biophys Acta (BBA) 
Mol Basis Dis. 2014;1843:372–86.  

    189.    Hammerle M, Gutschner T, Uckelmann H, et al. Posttranscriptional destabilization of the 
liver-specifi c long non-coding RNA HULC by the IGF2 mRNA-binding protein 1 (IGF2BP1). 
Hepatology. 2013;58:1703–12.  

    190.    Liu BD, Sun LJ, Liu Q, et al. A cytoplasmic NF-kappa B interacting long non-coding RNA 
blocks I kappa B phosphorylation and suppresses breast cancer metastasis. Cancer Cell. 
2015;27:370–81.  

    191.    Yacqub-Usman K, Pickard MR, Williams GT. Reciprocal regulation of GAS5 lncRNA levels 
and mTOR inhibitor action in prostate cancer cells. Prostate. 2015;75:693–705.  

    192.    Hung CL, Wang LY, Yu YL, et al. A long non-coding RNA connects c-Myc to tumor metabo-
lism. Proc Natl Acad Sci U S A. 2014;111:18697–702.  

    193.    Liu Q, Huang JG, Zhou NJ, et al. LncRNA loc285194 is a p53-regulated tumor suppressor. 
Nucleic Acids Res. 2013;41:4976–87.  

    194.    Zhang A, Xu M, Mo YY. Role of the lncRNA-p53 regulatory network in cancer. J Mol Cell 
Biol. 2014;6:181–91.  

    195.    Takahashi K, Yan IK, Haga H, et al. Modulation of hypoxia-signaling pathways by extracel-
lular linc-RoR. J Cell Sci. 2014;127:1585–94.  

    196.    Aravin AA, Chan DC. PiRNAs meet mitochondria. Dev Cell. 2011;20:287–8.  
    197.    Mannoor K, Liao JP, Jiang F. Small nucleolar RNAs in cancer. Biochim Biophys Acta. 

2012;1826:121–8.  
   198.    Stepanov GA, Filippova JA, Komissarov AB, et al. Regulatory role of small nucleolar RNAs 

in human diseases. Dig Biomed Res Int. 2015. doi:  10.1155/2015/206849    .  
   199.    Watkins NJ, Bohnsack MT. The box C/D and H/ACA snoRNPs: key players in the modifi ca-

tion, processing and the dynamic folding of ribosomal RNA. Wiley Interdiscip Rev RNA. 
2012;3:397–414.  

    200.    Yu YT, Meier UT. RNA-guided isomerization of uridine to pseudouridine-pseudouridylation. 
RNA Biol. 2014;11:1483–94.  

    201.    Jinn S, Brandis KA, Ren A, et al. SnoRNA U17 regulates cellular cholesterol traffi cking. Cell 
Metab. 2015;21:855–67.  

    202.    Sanger HL, Klotz G, Riesner D, et al. Viroids are single-stranded covalently closed circular 
RNA molecules existing as highly base-paired rod-like structures. Proc Natl Acad Sci U S A. 
1976;73:3852–6.  

    203.    Lasda E, Parker R. Circular RNAs: diversity of form and function. RNA. 2014;20:1829–42.  
    204.    Vicens Q, Westhof E. Biogenesis of circular RNAs. Cell. 2014;159:13–4.  
    205.    Hansen TB, Kjems J, Damgaard CK. Circular RNA and miR-7 in cancer. Cancer Res. 

2013;73:5609–12.    

7 Noncoding RNAs in Regulation of Cancer Metabolic Reprogramming

http://dx.doi.org/10.1155/2015/206849


217© Springer Science+Business Media Singapore 2016 
E. Song (ed.), The Long and Short Non-coding RNAs in Cancer Biology, 
Advances in Experimental Medicine and Biology 927, 
DOI 10.1007/978-981-10-1498-7_8

    Chapter 8   
 Noncoding RNAs in Tumor Angiogenesis                     

     Azam     Khorshidi    ,     Preet     Dhaliwal    , and     Burton     B.     Yang    

    Abstract     Solid tumors require angiogenesis to grow beyond 2 mm in size. In most 
cases, tumor cells undergo angiogenic switch and secrete substances that are 
required for generation of new capillary sprouting from existing blood vessels. 
Tumor angiogenesis is driven by a complex interplay between pro-angiogenic 
(VEGF/VEGFR, PDGF/PDGFR) and anti-angiogenic factors (TSP-1/TSP-2) 
within the tumor microenvironment. In addition, control of tissue remodeling and 
degradation by matrix metalloproteinases (MMPs) and tissue inhibitor of metallo-
proteinases (TIMPs) contribute to tumor angiogenesis. Furthermore, tumor sup-
pressors or oncogenes that control cellular motility and maintain or promote hypoxia 
(HIFs and MYC) are also actively playing roles in tumor angiogenesis. Noncoding 
RNAs (ncRNAs), including microRNAs, are a novel class of regulatory molecules 
that control the gene expression in a posttranscriptional manner. MicroRNAs regu-
late important physiological processes, such as proliferation, apoptosis, and differ-
entiation, as well as pathological conditions including oncogenesis. Accumulating 
evidence suggests that microRNAs directly modulate the process of angiogenesis 
by targeting important angiogenic factors and signaling molecules. Understanding 
the molecular mechanism behind the regulation of angiogenesis by microRNAs is 
important due to their therapeutic potential which may lead to improving outcome 
for cancer patients. Besides, ncRNAs with a regulatory role in angiogenesis, such as 
long noncoding RNAs (lncRNAs), have been identifi ed in the genome. However, 
the mechanisms of the vast majority of lncRNAs are currently unknown. For the few 
lncRNAs characterized at the functional level, accumulating evidence shows that 
they play important roles in malignant diseases. The function and mechanism in 
angiogenesis will be described in this chapter.  
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8.1       Introduction 

 Angiogenesis occurs through a highly organized series of events by which new 
blood vessels form through the growth of existing blood vessels. During 
angiogenesis, quiescent endothelial cells, which cover the luminal side of all blood 
vessels, are activated in response to environmental triggers and start to proliferate, 
migrate, and organize themselves in tubular structures. The term angiogenesis can 
be distinguished from vasculogenesis, which refers to de novo production of 
endothelial cells from endothelial precursor cells (angioblast) during embryonic 
development. Vasculogenesis is typically followed by classical angiogenesis during 
prenatal development which leads to the growth and remodeling of the primitive 
vascular network into a complex network. In the adult body, the vascular endothelium 
acquires essentially a quiescent, non-angiogenic state and serves mainly as a 
nonthrombogenic surface to conduct nutritive blood fl ow to organs. These cells, 
however, retain considerable growth potential and are responsive to pro- and anti- 
angiogenic factors, which is essential for vascular remodeling during physiological 
conditions, like wound healing, infl ammation, and pregnancy [ 1 ]. The same 
angiogenic pathways have also been adapted during pathological conditions such as 
disease as diverse as cancer, macular degeneration, psoriasis, diabetic retinopathy, 
and infl ammatory disorders like arthritis and atherosclerosis [ 2 ]. Therefore, the 
control of reversing dormant endothelial cells and restoring their proliferative state 
must be regulated by a complex milieu of stimulatory and inhibitory signals and 
requires a number of molecular and cellular events to be temporarily and spatially 
orchestrated [ 3 ].  

8.2     Tumor Angiogenesis 

 During tumorigenesis, malignant cells acquire multiple characteristics that provide 
a growth advantage over normal cells. Tumor angiogenesis is one of the hallmarks 
of cancer that drive tumor growth beyond a diffusion limit size and enhance metas-
tasis [ 4 ]. In response to hypoxia, tumor cells tilt the balance toward stimulatory 
angiogenic factors, like vascular endothelial growth factor (VEGF) and angiopoi-
etin, to facilitate neovascularization [ 5 – 7 ]. This process is called “angiogenic 
switch” and leads to activation of endothelial cells in nearby vessels. Subsequently, 
degradation of the extracellular matrix in activated endothelial cells by different 
proteolytic enzymes results in migration of endothelial cells toward chemotactic 
clues that come from the tumor tissue and the formation of vessel-like structures [ 8 ]. 
These newly formed vessels are premature and fragile. Subsequent inhibition of 
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endothelial cell growth and the recruitment of pericytes and smooth muscle cells to 
form capillary tubes lead to maturation of vessels. Even though these vessels are 
disorganized and irregular in structure, they can still provide the growing tumor 
mass with required nutrients and metabolites [ 9 ]. 

 Despite the wealth of data on pathological angiogenesis, it is still not clear what 
molecular mechanisms govern angiogenic switch in tumor angiogenesis. Recently, 
new opportunities for better understanding of tumor biology have come with the 
discovery of noncoding RNAs as a novel class of gene regulatory molecules [ 10 ]. 
These noncoding RNAs exert their gene regulatory function at many different 
levels, including posttranscriptional and posttranslational level. Here, we will 
review the functions and mechanisms of noncoding RNAs, mainly microRNAs and 
long noncoding RNAs, in angiogenesis and vasculature remodeling in cancer, as 
well as their signifi cance in cancer development.  

8.3     Importance of MicroRNAs in Regulation of Tumor 
Angiogenesis 

 MicroRNAs (miRNAs) are a class of small noncoding RNAs (~22 nucleotides) 
which play an important role in all biological pathways in multicellular organisms 
including mammals [ 11 ,  12 ]. MiRNAs regulate gene expression by binding to a 
target messenger RNA (mRNA), leading to either degradation or translational 
repression [ 13 ]. MiRNAs are generated by the act of two RNAse III endonucleases, 
Dicer and Drosha, in a two-step processing pathway [ 14 ]. The fi rst evidence showing 
the role of microRNAs in the regulation of vascular development and angiogenesis 
came from studies on Dicer-defi cient homozygous mice. Knockout mice die 
between 12.5 and 14.5 days of gestation due to lack of angiogenesis [ 15 ]. In 
addition, hypomorphic Dicer1 allele (Dicer d/d) mouse models are found to be 
infertile due to corpus luteum insuffi ciency resulted from impaired vascular 
formation in the ovary [ 16 ]. Similarly, Dicer mutants of zebra fi sh show disrupted 
blood circulations [ 17 ]. These data have been confi rmed in vitro using short 
interfering RNA (siRNA) against Dicer in endothelial cells. Genetic silencing of 
Dicer in endothelial cells leads to downregulation of several key regulators of 
angiogenic phenotype, including reduced endothelial cell migration, capillary 
sprouting, and tube formation in vitro and in vivo. Experiments with cultured 
endothelial cells have revealed the important role of Dicer in several angiogenic 
pathways, including EC migration, proliferation, and capillary tube formation 
[ 18 – 20 ]. 

 In contrast to Dicer, knockdown of Drosha does not lead to any major problem 
in angiogenesis in vivo. Even though knockdown of Drosha in cultured endothelial 
cells with siRNA results in signifi cant reduction in tube formation and capillary 
sprouting, no signifi cant blockade of angiogenesis has been observed in vivo [ 19 ]. 
This difference might be due to the presence of an alternative Drosha-independent 
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miRNA processing pathway that compensates for the lack of Drosha [ 21 – 23 ] or the 
involvement of Dicer in other cellular pathways including the regulation of 
heterochromatin formation [ 24 ,  25 ]. 

8.3.1     Important miRNAs in Angiogenesis 

 Expression of miRNAs is strictly regulated in a tissue- and organ- specifi c manner. 
Three studies have been performed in an attempt to identify miRNAs involved in 
control of endothelial cell functions. Eight miRNAs, including let-7b, miR-16, 
miR-21, miR-23a, miR-29, miR-100, and miR-221, and miR-222, are shown to be 
highly expressed in human umbilical cord endothelial cells by all three sets of data. 
Meanwhile, only two out of the three studies fi nd that let-7a, let-7d, miR-20, miR- 
99a, miR-126, miR-181a, and miR-320 are highly expressed in endothelial cells 
[ 18 ,  19 ,  26 ]. Only a few highly expressed miRNAs in endothelial cells have been 
functionally characterized in angiogenesis (see Table  8.1 ), which we will discuss in 
this section.

8.3.1.1       MicroRNA-17 Gene Family 

 The miR-17 ~ 92 cluster, also named oncomiR-1, is the fi rst identifi ed tumor- 
promoting miRNA [ 27 ]. This cluster consists of seven miRNAs, including miR-17, 
miR-5p/miR-3p, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a-1 that 

   Table 8.1    MiRNAs with known functions in angiogenesis   

 MiRNAs  Targets  Molecular mechanism  Reference 

 MiR-17 
family 

 TSP-1, CTGF, 
TIMP-1, ITGB-8, 
LATS2,  β -TRCP2, 
STAT3, HIF-1 α  

 Endothelial cell proliferation/
migration, pro-angiogenic molecules 

 [ 27 – 29 , 
 36 – 40 ] 

 MiR-378  Sufu, Fus-1  VEGF, Ang-1, and Ang-2  [ 41 ] 
 MiR-98  –  Anti-angiogenic mechanisms  [ 48 ,  49 ] 
 MiR-126  SPRED1, PIK3R2  VEGF level, endothelial cell 

proliferation 
 [ 50 ,  52 ,  53 , 
 55 ,  56 ] 

 MiR-221/
miR-222 

 c-kit, cyclin G1, p27, 
p57 

 Endothelial cell proliferation/ 
migration 

 [ 16 ,  18 ,  19 , 
 58 ] 

 MiR-15b/
miR-16 

 Bcl-2  VEGF level, cell proliferation/survival  [ 59 ] 

 MiR-130a  HOXA5, GAX  Endothelial cell proliferation/
migration, tube formation 

 [ 60 ] 

 MiR-210  Ephrin-A3  Endothelial cell proliferation/
migration 

 [ 64 ] 

 MiR-296  HGS  VEGFR2 and PDGFR- β   [ 73 ] 
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originate from the intronic region of c13orf25 on chromosome 13. Two paralogs of 
miR-17 ~ 92, miR-106a ~ 363 and miR-106b ~ 25, also exist in mammals. It has been 
shown that a higher degree of tumor vascularization is observed in vivo after over-
expression of miR-17 ~ 92 cluster in ras-positive tumor cells, which provides the 
fi rst clue to the importance of the member of this family in tumor angiogenesis [ 28 ], 
while inhibition of miR-17 ~ 92 in vitro represses EC sprouting and tube formation 
in Matrigel [ 29 ]. The angiogenic role of miR-17 confers this miRNA to play an 
important role in tumorigenesis [ 30 – 34 ]. One mechanism by which this cluster con-
trols neovascularization is through modulating the production of angiogenic factors. 
For example, miR-18 and miR-19 preferentially suppress the expression of connec-
tive tissue growth factor (CTGF) and thrombospondin-1 (TSP- 1), respectively, both 
of which inhibit angiogenesis. Meanwhile, knockdown of miR-17 ~ 92 cluster can 
partially restore the expression of TSP-1 and CTGF. Another member of this family, 
miR-17, targets tissue inhibitor of metalloproteinase 3 (TIMP-3) to modulate migra-
tion and proliferation of endothelial cells [ 35 ]. In fact, lack of angiogenesis in the 
corpus luteum in the hypomorphic Dicer allele (Dicer d/d) mice is attributed to the 
lack of miR-17-5p and let-7b [ 16 ]. 

 Another microRNA in the microRNA-17 gene family with pro-angiogenic 
activity is miR-93 which belongs to the miR-106b ~ 25 cluster. The miRNA- 
106b ~ 25 cluster is composed of the highly conserved miRNA-106b, miRNA-93, 
and miRNA-25. Different studies have shown different molecular pathways through 
which miR-93 modulates angiogenesis. It has been demonstrated that overexpression 
of miR-93 in U87 glioblastoma cell line increases proliferation, migration, and tube 
formation of cocultured endothelial cells in vitro and enhances angiogenesis in vivo 
by modulating integrin signaling pathway through downregulation of integrin beta 
8 (ITGB-8) [ 36 ]. Similarly, miR-93 increases tumor angiogenesis and metastasis in 
MT-1 breast carcinoma cell line by targeting large tumor suppressor, homology 2 
(LATS2), which is involved in Hippo tumor suppressor pathway [ 37 ]. Hazarika 
et al. have reported enhanced proliferation and tube formation in ECs following 
miR-93 overexpression, which is caused by the downregulation of P21 and E2F1, 
the regulators of cell cycle pathway [ 38 ]. In addition, overexpression of miR-93 in 
non-small cell lung cancer H1299 cell line favors tube formation in endothelial cells 
in coculture studies. It is suggested that miR-93 can modulate angiogenesis in lung 
cancer cells by targeting beta-transducin repeat containing protein 2 ( β -TRCP2) in 
ubiquitin proteasome pathway [ 39 ]. 

 MiR-20b, a member of the miR-106a ~ 363 cluster, appears to have anti- 
angiogenic activity by modulating signals within tumor microenvironment. Mir-20b 
targets signal transducer and activator of transcription 3 (STAT3) and hypoxia- 
inducible factor-1 alpha (HIF-1 α ), leading to reduction in vascular endothelial 
growth factor A (VEGF-A) expression [ 40 ].  
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8.3.1.2     MiR-378 

 Mir-378 is an oncogene that enhances tumor growth, survival, and angiogenesis 
through targeting tumor suppressor genes, suppressor of fused (Sufu), and tumor 
suppressor candidate 2 (TUSC2), Sox2, fi bronectin, and Nodal [ 41 – 45 ]. Sufu is a 
negative regulator of Sonic hedgehog (Shh) signaling, whose level of expression is 
inversely related to miR-378 expression in many cell lines tested. It has been known 
that Shh induces large blood vessel formation by promoting the expression of 
angiogenic cytokines including VEGF and angiopoietin-1 (Ang-1) and angiopoi-
etin-2 (Ang-2) [ 46 ]. Thus, miR-378 enhances tumor angiogenesis by targeting Sufu 
and TUSC2 which are repressors of angiogenic cytokine production. Injection of 
miR-378 overexpressing cancer cells to nude mice results in much larger tumors 
with more blood vessels compared to control cells [ 41 ]. This data is consistent with 
a report that miR-378 enhances VEGF expression by competing with miR-125a for 
the same seed region in the 3’-UTR of the VEGF gene [ 41 ,  47 ]. Conversely, when 
cells are transfected with a construct expressing an antisense sequence against miR-
378, the function of miR-378 in cell survival and angiogenesis will be reversed 
[ 41 ].  

8.3.1.3     MiR-98 

 MiR-98 belongs to the let-7 family and has been shown to have anti-angiogenic 
function. Overexpression of miR-98 in highly invasive breast carcinoma cell lines 
inhibits tumor angiogenesis and invasion in vitro and in vivo by targeting active 
receptor-like kinase 4 (ALK4) and matrix metalloproteinase-11 (MMP11). 
Repressed ALK4 and MMP11 expression affect endothelial cell activity and prevent 
them from proliferation, spreading, and tube formation [ 48 ]. These results are 
consistent with a study that shows ectopic expression of miR-98 inhibits B16-F1 
cell migration as well as in vivo metastasis and tumor angiogenesis by reducing 
interleukin-6 (IL-6) level [ 49 ].  

8.3.1.4     MiR-126 

 MiR-126 is one of the best studied microRNAs in angiogenesis which is highly and 
exclusively expressed in endothelial cells (ECs) [ 50 ]. In both mouse and zebra fi sh, 
miR-126 is enriched in organs with high density of vascular component, like the 
heart and lung. It is encoded by intron 7 of the epidermal growth factor-like domain 
7 (Egfl 7), which encodes an EC-specifi c secreted peptide as an inhibitor and 
chemoattractant of smooth muscle cells [ 51 ]. MiR-126 regulates many aspects of 
EC biology, including, migration, sprouting, cytoskeleton organization, and 
capillary network stability. Even though reduction of miR-126 in zebra fi sh does not 
affect vascular patterning, it compromises the integrity of blood vessels as is shown 
by increased hemorrhage and vessel collapse [ 52 ]. Similarly, disruption of 
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miR-126 in mice causes leaky vessels and hemorrhage leading to 50 % embryonic 
lethality [ 53 ]. Of the mutant embryos that survive birth, impaired angiogenesis is 
displayed during both physiological and pathologic process, indicating the unique 
role of miR-126 in neoangiogenesis of adult tissues in response to injury [ 53 ]. In 
line with these data, mice treated with high dose of antagomir against miR-126 have 
shown signifi cant impaired angiogenic responses [ 54 ]. Different groups have 
proposed different mechanisms underlying the angiogenic activity of miR-126. For 
instance, Fish et al. have identifi ed and validated three targets for miR-126 with 
respect to endothelial biology, including Sprouty-related EVH domain-containing 
protein (SPRED1), PI3 kinase regulatory subunit 2 (PIK3R2), and vascular cell 
adhesion molecule 1 (VCAM1). The fi rst two mRNAs are negative regulators of 
VEGF signaling, and the latter gene helps recruit leukocyte to the vessel walls. 
VCAM1 and SPRED1 have been validated by Wang’s research team through their 
microarray analysis [ 50 ], while PIK3R2 has been described as a target for miR-126 
by another team [ 53 ,  55 ]. However, the role of miR-126 in tumor angiogenesis is 
somewhat controversial. It has been observed that downregulation of miR-126 
inversely correlates with an increased microvessel density (MVD) and vascular 
endothelial growth factor A (VEGF-A) expression in gastric cancer tissues [ 56 ]. 
Similarly, miR-126 has been reported to be downregulated in oral cancer which 
induces angiogenesis and lymphangiogenesis by restoration of VEGF-A level [ 55 ]. 
Nevertheless, others have found that miR-126 signifi cantly enhances lung tumor 
angiogenesis, including increased EC proliferation and migration, by targeting 
VEGF-A (restoration of miR-126 downregulates VEGF and inhibits the growth of 
lung cancer cell lines).  

8.3.1.5     MiR-221 and MiR-222 

 MiR-221 and miR-222 are located in close proximity on chromosome X11.3 which 
has been detected in endothelial cell by many miRNA profi ling studies [ 18 ]. 
However, their expressions are not restricted to the endothelium. These two 
microRNAs belong to the same family and have common targets. Prediction 
algorithm suggests that miR-221 and miR-222 target c-kit mRNA in ECs. C-kit is a 
tyrosine kinase receptor for stem cell factor (SCF), which is a growth factor shown 
to be involved in angiogenesis by promoting survival, proliferation, migration, and 
tube formation in human umbilical vein cells (HUVECs). Interestingly, 
overexpression of miR-221 and miR-222 in HUVECs decreases cell proliferation, 
migration, and wound healing in response to SCF. In addition, high glucose 
treatment of HUVECs reduces c-kit expression by inducing the expression of miR- 
221, which impairs cell migratory response to SCF. These fi nding suggests that 
miR-221 can be an important regulator of diabetes-associated vascular dysfunction. 
It has also been shown that miR-221 and miR-222 overexpression in Dicer 
knockdown ECs restores the elevated level of endothelial nitric oxide synthase 
(eNOS), which is essential for endothelial cell function and vascular integrity. Since 
the 3’-UTR of eNOS has no target site for miR-221 and miR-222, it is proposed that 
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the regulation of eNOS protein level by these miRNAs is likely to be indirect. All in 
all, miR-221 and miR-222 appear to function as anti-angiogenic factors in 
endothelial cells [ 57 ,  58 ]. 

 Even though the overexpression of miR-221 and miR-222 has been shown to 
inhibit proliferation of endothelial cells, it promotes proliferation in cancer cells by 
targeting p27, a member of the cyclin-dependent kinase inhibitor, indicating cell 
type-specifi c function of these miRNAs.  

8.3.1.6     MiR-15b and MiR-16 

 MiR-15b and miR-16 are located in the same cluster on chromosome 3. Although 
the role of these two miRNAs has not been investigated in endothelial cells, they 
might be involved in angiogenesis. It has been shown that hypoxia represses the 
expression of miR-15b and miR-16 in CNE cells from human nasopharyngeal 
carcinoma cell line [ 47 ]. Moreover, transfection of cells with miR-15b and miR-16 
results in reduced VEGF protein expression. Therefore, hypoxia-induced 
downregulation of miR-15b and miR-16 contributes to VEGF expression which is a 
fundamental regulator of normal and abnormal angiogenesis. Meanwhile, miR-15b 
and miR-16 can target antiapoptotic protein, Bcl-2, to induce apoptosis in leukemic 
cells. Thus, overexpression of miR-15b and miR-16 can be a fascinating therapeutic 
approach to target tumor cell death and block VEGF-mediated angiogenesis [ 59 ].  

8.3.1.7     MiR-130a 

 MiR-130a is one of the microRNAs frequently detected in ECs but has limited 
available data on its function. Upon exposure of ECs to serum, the level of miR-130 
is found to rapidly increase [ 60 ]. MiR-130 has been shown to target two anti- 
angiogenic proteins, growth arrest-specifi c homeobox (GAX) and homeobox A5 
(HOXA5). GAX is an important regulator of EC phenotype in response to pro- or 
anti-angiogenic factors and is expressed both in ECs and smooth muscle cells. 
Therefore, miR-130a is a pro-angiogenic microRNA, whose overexpression can 
antagonize the inhibitory effect of GAX on EC proliferation, migration, and tube 
formation and the inhibitory effect of HOXA5 on tube formation [ 60 ].  

8.3.1.8     MiR-210 

 Hypoxia occurs during pathological condition, where cancer triggers an adaptive 
response to low oxygen by upregulation of genes that are essential for new blood 
vessel formation. It has been shown that the expression of miR-210 is induced under 
low-oxygen environment which drives the angiogenic response in endothelial cells. 
It is believed that miR-210 stimulates migration, proliferation, and the formation of 
capillary-like structure in ECs, whereas downregulation of miR-210 blocks cell 
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migration and tube formation in response to VEGF [ 61 ]. In fact, upregulation of 
miR-210 is an essential element in response to hypoxia in ECs, affecting migration, 
survival, and differentiation. MiR-210 regulates angiogenesis mainly by targeting 
hypoxia-induced factor-1 alpha (HIF-1 α ) and ephrin-A3 (Eph-A3). Ephrin 
molecules have been known for their essential roles in vasculature and lymphatic 
vessel remodeling as well as EC, pericyte, and smooth muscle cell function [ 62 ]. It 
has been shown that HIF-1 α  induces the expression of miR-210 which leads to 
downregulation of Eph-A3 [ 63 ]. Repression of Eph-A3 is necessary and suffi cient 
to induce tubelike structure and chemotactic migration of ECs in response to VEGF 
[ 64 ], while expression of Eph-A3 allele that is not targeted by miR-210 blocks the 
pro-angiogenic effect of miR-210 in ECs. 

 In addition to Eph-A3, miR-210 can target protein-tyrosine phosphatase 1B 
(PTP1B) [ 65 ,  66 ] which is a negative regulator of VEGF signaling. PTP1B can 
dephosphorylate VEGF receptor 2 (VEGFR2) in endothelial cells. Downregulation 
of PTP1B by miR-210 allows for activation of VEGF signaling under hypoxic 
condition [ 67 ].  

8.3.1.9     Let-7 Family 

 Let-7 and its family members are highly conserved microRNAs across species 
which have been found highly expressed in HUVECs [ 18 ,  19 ]. The role of the let-7 
family in angiogenesis was fi rst revealed by the observation that let-7a, let-7b, let-
7c, let-7f, and let-7g were reduced by more than 30 % after Drosha and Dicer 
knockdown [ 16 ,  18 ,  19 ]. This inhibition of let-7 family members leads to signifi cant 
sprout formation in vitro [ 68 ]. Many angiogenesis-related genes are predicted to be 
the targets of let-7 family members, including thrombospondin-1 [ 16 ,  18 ], 
thrombospondin-2 [ 69 ], TIMP-1 [ 16 ], Nrp-2 and c-Met [ 26 ], TEK/Tie-2, KDR/
VEGFR2, and Tie-1 [ 18 ]. One study has showed that let-7 can be involved in 
hypoxia-inducible factor-1 α  (HIF-1 α )/let-7/argonaute 1(AGO1)/VEGF signal 
pathway in hypoxia-induced angiogenesis. HIF-1 α , as a transcription factor, 
upregulates let-7 expression which in turn decreases the expression of AGO1. This 
will lead to a desupression of VEGF translation and an increase in angiogenesis 
[ 70 ].  

8.3.1.10     MiR-296 

 MiR-296, also called angiomiR, is one of the important regulators of the angiogenic 
process [ 71 ,  72 ]. The knockdown and the overexpression of miR-296 inhibit and 
promote morphologic characteristics associated with angiogenesis of human ECs, 
respectively. Possible role for miR-296 in tumor angiogenesis is supported by the 
experiments showing reduced angiogenesis in tumor xenograft after inhibition of 
miR-296 using antagomirs. MiR-296 functions as a pro-angiogenic factor by 
inducing the expression of VEGF receptor (VEGFR2) and platelet-derived growth 
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factor receptor (PDGFR) in angiogenic blood vessels. It also targets the hepatocyte 
growth factor-regulated tyrosine kinase substrate (HGS) which is involved in the 
degradative sorting of PDGFR, EGFR, and VEGFR. An expression analysis also 
shows that when HUVECs are cocultured with U87 glioma cells, the expression of 
miR-296 is upregulated. Moreover, miR-296 upregulation has been detected in ECs 
isolated from human brain tumors compared to ECs isolated from normal brain. 
Consistently, the expression of HGS is downregulated, while VEGFR2 and PDGFR 
are upregulated in these glioma blood vessel samples [ 73 ]. Altogether, these fi ndings 
support a pro-angiogenic role for miR-296 in tumors.   

8.3.2     Other miRNAs Related to Angiogenesis 

 It has been shown that miR-9 can regulate tumor angiogenesis by targeting 
VEGF-A. In breast cancer cells, MYC and MYCN transcription factors induce the 
expression of miR-9, which targets E-cadherin and hence increases cell motility and 
invasiveness. Downregulation of E-cadherin will activate  β -catenin signaling, which 
in turn upregulates VEGF-A expression and increases in tumor angiogenesis [ 74 ]. 
The miR-143-145 cluster is highly expressed in smooth muscle cells (SMCs). Not 
only can this cluster regulate the vascular homeostasis but also play a role in 
neighboring endothelial cells. It has been shown that miR-143/miR-145 improves 
the angiogenic and vessel stabilization properties of ECs by regulating angiotensin- 
converting enzyme (ACE) and tropomyosin 4 (Tpm4) [ 75 ]. Another microRNA, 
miR-132, is highly expressed in human tumors and hemangiomas, which promote 
angiogenesis in endothelial cells by suppressing p120RasGAP, a molecular brake 
for RAS [ 71 ,  76 ]. MiR-29 is another functionally characterized microRNA with the 
role in regulating cell cycle and angiogenic phenotype of endothelial cells. This 
microRNA is upregulated in response to hypoxic stimuli in HUVECs. It has been 
shown that miR-29 promotes the proliferation and tube formation of HUVECs by 
targeting HBP1, a suppressor transcription factor [ 77 ]. Another study shows that 
miR-29 is regulated by TGF- β /Smad4 signaling in human and mice endothelial 
cells. Overexpression of miR-29 by TGF- β  leads to downregulation of the 
phosphatase and tensin homolog (PTEN) in endothelial cells, which is a target of 
miR-29, and activates the AKT pathway, which will eventually lead to enhancement 
of angiogenesis [ 78 ].  

8.3.3     Tumor-Specifi c MicroRNAs 

 Another area which has not been thoroughly looked into is tumor-specifi c expression 
of microRNAs [ 79 ]. This particular area can uncover the mechanisms and functions 
of different microRNAs, especially those that behave differently in different cell 
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types. Below we will discuss some microRNAs that have been shown to have spe-
cifi c and differential expressions in certain cancer cell types. 

8.3.3.1     In Colorectal Cancer Cells 

 Analysis of microRNAs in colorectal cancer has showed a signifi cant decrease of 
three specifi c microRNAs, which include miR-145 [ 80 ,  81 ], miR-22 [ 82 ], and miR- 
126 [ 80 ,  82 ,  83 ]. All of these miRNAs share the same target protein p70S6K1 
kinase, which activates HIF-1 α  and VEGF downstream, both strong promoters of 
angiogenesis [ 80 ]. The decrease in these microRNAs allows for an increase in the 
target mRNAs, which are sp70S6K1, HIF-1 α , and VEGF, and increases angiogen-
esis in colorectal cancer cells.  

8.3.3.2     In Glioblastoma Cells 

 The levels of miR-218 are signifi cantly decreased in necrotic mesenchymal 
glioblastoma cells [ 80 ,  84 ]. MicroRNA-218 targets several mRNAs that are involved 
in the receptor tyrosine kinase (RTK) pathway. Thus, a decrease in miR-218 causes 
an increase in target RTK pathway-associated mRNA, which then leads to an 
increase in downstream targets, mainly HIF-2 α . HIF-2 α  is responsible for promoting 
cell survival and tumor angiogenesis [ 80 ,  84 ].  

8.3.3.3     In Human Gastric Cells 

 In human gastric cells, there is a signifi cant upregulation of miR-382 and miR-18a 
[ 80 ,  85 ,  86 ]. Both of these microRNAs act to inhibit tumor angiogenesis, albeit 
through different mechanisms. MiR-382 has sequences matching to the 3’-UTR of 
PTEN mRNA, and this similarity leads to the inhibition of tumor angiogenesis [ 85 ]. 
On the other side, miR-18a binds to and inactivates targets in the mTOR signaling 
pathway [ 86 ]. Both of these miRNAs work to inhibit angiogenesis and stunt tube 
formation.  

8.3.3.4     In Prostatic Cancer Cells 

 In prostatic cancer cells, it has been reported that there is a signifi cant upregulation 
of miR-21, which targets PTEN mRNA. The increase in miR-21 leads to an increase 
in the AKT and ERK1/ERK2 signaling pathways, which increases the levels of 
HIF-1 α  and VEGF expression downstream. This cascade leads to tumor progression 
and angiogenesis [ 87 ].   
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8.3.4     Conclusion 

 More than 700 miRNAs have been identifi ed in the human genome so far. However, 
the functions of a few specifi c miRNAs have been validated in regulating the 
functions of endothelial cells and angiogenesis. Moreover, miRNAs that have so far 
been studied are those highly expressed in endothelial cells. However, miRNAs that 
are expressed in smaller amounts under physiological conditions might have equally 
important functions in maintenance of the physiological state of endothelial cells. A 
single miRNA can target multiple mRNAs, whereas a single gene may be regulated 
by multiple miRNAs. Understanding the complex interaction between miRNAs and 
their targets will be an important area of investigation for the future, since it will 
lead us toward the development of miRNA drugs designed against specifi c molecular 
targets for clinical application.   

8.4     Role of Long Noncoding RNAs in Regulation of Tumor 
Angiogenesis 

 Long noncoding RNAs (lncRNAs) are a class of noncoding RNAs that are over 200 
nucleotides in size [ 88 ]. They are generally found in both the nucleus and the 
cytoplasm and have an array of effects on the cells. Studies have shown that lncRNA 
are involved in a plethora of cellular events, which include chromatin remodeling, 
protein scaffolding, translational control, splicing regulation, and microRNA 
sponges. However, recent studies have indicated that lncRNAs also have a noticeable 
impact on tumor progression through angiogenesis – a hallmark of cancer. LncRNAs 
can be found as natural antisense transcripts (NATs) that regulate their sense 
proteins, or they can be found between protein-coding genes [ 89 ,  90 ]. Evidence has 
shown that the downregulation of different lncRNAs leads to an abnormal gene 
expression that will promote tumor progression in various types of cancers [ 91 ]. 
However, the most convincing data shows that lncRNA interacts with critical 
angiogenesis regulators such as the VEGF pathway [ 92 – 97 ]. They also interact with 
other angiogenesis regulators such as phosphoglycerate kinase 1 (PGK1) [ 93 ]. 
Below, we will look further into some lncRNAs that have been associated with 
tumor angiogenesis. 

8.4.1     Long Noncoding RNA MALAT1 

 Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is an lncRNA 
that has been associated with tumor angiogenesis [ 88 ]. The function of this lncRNA 
is to sustain endothelial cell proliferation. It is interesting to know that it is one of 
the few lncRNAs that are relatively well conserved between mice and humans [ 90 ]. 
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MALAT1 is found in high amounts in the nucleus of the cell whose expression has 
been shown to increase under hypoxic conditions (in vitro). It has also been shown 
that MALAT1 is upregulated in many human tumors and promotes tumor cell 
invasion and metastasis [ 89 ,  91 – 95 ]. 

 Recent studies have examined the effect of knocking down MALAT1 in cancer 
cell lines. It is found that decreased MALAT1 leads to a decrease in cell number 
with increased apoptosis, while MALAT1-defi cient cells show increased sprouting 
and migration of endothelial cells. However, these sprouts do not have complete 
extensions, which show an ability defect of the cells to form new vascular networks 
[ 88 ,  89 ]. Additionally, when these cells have been treated with VEGF, no 
improvements in the outgrowth of the sprouts are observed [ 89 ]. Such indicates that 
MALAT1-defi cient cells have a decreased ability to react to VEGF and undergo 
angiogenesis. Furthermore, MALAT1 knockout models have been tested in the 
developing mouse retina, where MALAT1-defi cient cells show decreased vascular 
proliferation that leads to a reduced vascular network compared to wild-type mice 
retinas. Further in vivo experiments have shown decreased neovascularization and 
blood fl ow recovery in MALAT1-defi cient mice [ 89 ]. In general, the loss of 
MALAT1 decreases the proliferative potential of a cell and increases its migratory 
behavior, which in turn decreases the cell’s ability to undergo angiogenesis. The 
mechanism of how MALAT1 works is through the deregulation of cell cycle-related 
factors. This lncRNA lowers the expression of endothelial cyclins CCNA2 and 
CCNB1/CCNB2, which are important factors in S-phase of the cell cycle, while the 
inhibitory factors of S-phase including the kinase p21 and kinase inhibitor p27Kip1 
are upregulated [ 89 ]. 

 Studies with pancreatic cancer cells have also found another mechanism for the 
function of MALAT1, which is inducing angiogenesis. Increased levels of MALAT1 
promote cells to undergo epithelial to mesenchymal transitions (EMT), which may 
cause cancer cells to obtain stem cell-like properties. Since MALAT1 is 
overexpressed in many tumors, it has been shown to increase the number of cancer 
stem cells (CSCs), which very closely interact with angiogenesis [ 95 ]. Other 
fi ndings show that upregulated MALAT1 causes an increased endothelial tube 
formation, an increased cell migration, and an increased amount of VEGF. These all 
lead to an enhanced amount of vascularization occurring. Another increased factor 
is the amount of CD31, which is another important indicator of tumor angiogenesis 
[ 49 ]. It has been hypothesized that the CSCs express many pro-angiogenic factors 
such as VEGF, which lead to the increased amount of angiogenesis in tumor cells. 
An increase in angiogenesis allows for further growth of CSCs, thus forming its 
positive feedback loop. There is also evidence that sex-determining region Y-box 2 
(SOX2) may play a role in this mechanism because in MALAT1 knockdown studies, 
there is a large decrease in SOX2, which is important for cells to maintain their 
stemness. So by extension, if cells lose their stemness due to the loss of SOX2, we 
will also see a decrease in the amount of angiogenesis because of the decrease in 
cancer stem cells releasing pro-angiogenic factors [ 95 ]. 

 Overall, decreasing MALAT1 in endothelial cells disrupts mechanisms linked to 
endothelial cell cycle progression and increased migratory behavior, which in turn 
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negatively impacts the ability for these cells to form new vasculature. Moreover, 
there is a decrease in the number of CSCs. However, more studies are needed to 
clarify the function of MALAT1. Inhibition of MALAT1 is proposed as a treatment 
to prevent tumor growth and metastasis due to its pro-angiogenic properties.  

8.4.2     Long Noncoding RNA MVIH 

 Hepatocellular carcinoma (HCC) is the fi fth most common solid cancer in the world 
and the most common form of liver cancer. Unfortunately, it only has a 50 % survival 
rate after 5 years in for groups aging from 17 to 69 [ 91 – 93 ]. It is clearly a very 
deadly cancer mainly for its rapid growth caused in part by very active angiogenesis, 
which unavoidably leads to metastasis. 

 The cause of the increased angiogenesis has been linked to the long noncoding 
RNA associated with microvascular invasion in HCC (lncRNA MVIH). This 
lncRNA is located within the intron of the RPS24 gene, which is a ribosomal protein 
[ 90 ,  91 ,  94 ]. Using tissue samples from patients with HCC, it has been determined 
that lncRNA MVIH is overexpressed in HCC tumor cells, compared to non-tumor 
cells. Using RNA pull-down methods, it has been found that lncRNA MVIH is 
associated with phosphoglycerate kinase 1 (PGK1) [ 91 ]. PGK1 is an enzyme 
encoded by the PGK1 gene, which can be secreted by tumor cells. However, PGK1 
acts to suppress angiogenesis. Therefore, it is imperative for a tumor cell to inhibit 
this anti-angiogenic factor in order to grow. LncRNA MVIH overexpressed by 
tumor cells will bind to PGK1, affectively reducing its function. Without PGK1’s 
presence to prevent angiogenesis, tumor cells in HCC will gain increased microvessel 
density, leading to rapid growth of tumors [ 91 ,  93 ,  98 ]. This downward spiral 
continues because the increased angiogenesis leads to increased microvascular 
invasion or metastasis – in particular intrahepatic metastasis [ 91 ]. This makes HCC 
very deadly. 

 In all, the lncRNA MVIH plays a crucial role in the tumorigenesis of hepatocellular 
carcinomas. These tumor cells upregulate lncRNA MVIH in order to increase 
angiogenesis and to eventually achieve metastasis. With this knowledge, the focus 
can be shifted to create a novel medicine that down regulates lncRNA MVIH, which 
may be able to reduce angiogenesis, thus decreasing cancer growth and metastasis.  

8.4.3     The Long Noncoding RNA HOXD-AS1 

 LncRNA HOXD-AS1 is encoded in the HOXD gene cluster and can be found 
equally in the nucleus and cytoplasm. It has recently been shown that lncRNA 
HOXD-AS1 is a marker of neuroblastoma (NB) progression. Many lncRNAs have 
been studied to determine their differential expression in aggressive NB vs. 
noncancerous tissues, when treated with retinoic acid (RA). Of the many noncoding 
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RNAs tested, lncRNA HOXD-AS1 is the only one upregulated substantially. RA is 
the fi rst-line drug used to battle NB and works as a differentiating agent that typically 
arrests the growth of NB cells, making them more vulnerable to chemotherapeutic 
drugs [ 92 ,  93 ,  98 ]. This lncRNA is located between the HOXD1 and the HOXD3 
genes, but it is antisense to both of these (hence being called the AS1). It is also 
highly conserved within hominids, but not so much with other primates [ 92 ]. 

 Studies have indicated that the expression level of lncRNA HOXD-AS1 increases 
with progressing stage/aggressiveness of neuroblastoma, thus possibly playing a 
factor in its increased tumorigenesis [ 92 ]. The function of HOXD-AS1 has been 
assessed through knockdown experiments via siRNA. Many genes have been 
observed and found differential expressions involved with infl ammation and 
angiogenesis. To be specifi c, the increased expressions of many cytokines, such as, 
CX311, CCL20, TNF, and GD15, have been found to be important for extracellular 
matrix communication. There is also a change in the expression of matrix remodeling 
genes LOX and ADAMTS3 and key regulators of angiogenesis and 
lymphangiogenesis ANG and PROX1 [ 92 ]. This shows that lncRNA HOXD-AS1 
affects in some way angiogenesis in tumor cells, adding to the aggressiveness of the 
cancer. There is a signifi cant increase in the JAK/STAT pathway, which is related to 
infl ammation and angiogenesis. However, the PI3K/AKT pathway is found to be 
the main regulator of expression of HOXD-AS1. Furthermore, the expression of 
HOXD-AS1 is correlated to the expression of HOXD1 and HOXD2 genes, which 
implies common regulatory mechanisms. This is also another indicator of 
malignancy because the aberrant expression of HOX genes in tumor cells has been 
linked to malignancy [ 92 ]. 

 Overall, the lncRNA HOXD-AS1 has many implications in the tumorigenicity of 
neuroblastoma. Although the mechanisms are not completely clear, it is evident that 
this lncRNA affects many regulators of angiogenesis. Thus, the increased amount of 
lncRNA HOXD-AS1 in increasing aggressiveness of tumors can be caused due to 
the increased expression of angiogenic factors, leading increased growth and 
metastasis of cancers. More studies need to be done in order to uncover the exact 
mechanisms of action of this lncRNA, which may enlighten its use as a target of a 
therapeutic drug. For now, lncRNA HOXD-AS1 remains a reliable biomarker of 
neuroblastoma.  

8.4.4     The Long Noncoding RNA HIF-1A-AS2 

 Hypoxia-inducible factor-1 alpha subunit antisense RNA 2 (lncRNA HIF-1A-AS1) 
is an lncRNA that is involved in tumor angiogenesis. LncRNA HIF-1A-AS2 is 
upregulated in non-papillary clear cell renal carcinomas and is a marker of poor 
prognosis in breast cancer [ 4 ,  94 – 97 ]. 

 This lncRNA has been shown to be involved in angiogenic regulatory pathways, 
which may be the reason for its impact on tumor progression. LncRNA HIF-1A-AS2 
has been shown to negatively regulate hypoxia-inducible factor-1 alpha (HIF-1 α ), 
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which is a critical regulator of angiogenesis [ 4 ]. HIF-1 α  is increased in response to 
hypoxia and activates many genes that increase the amount of angiogenesis, which 
is vital for growing tumors to obtain suffi cient nutrients and oxygen, while also 
excreting waste. However, in some cancers, the level of lncRNA HIF-1A-AS2 also 
increases and works by binding and causing the degradation of HIF-1 α  mRNA [ 4 ]. 
The lncRNA acts in a negative feedback manner to decrease the amount of 
angiogenesis. This is a prime example of a NAT regulating the expression of its 
sense protein. 

 In general, lncRNA HIF-1A-AS2 is involved in angiogenic pathways. However, 
the exact mechanisms and its true purpose have not yet been uncovered. It is 
overexpressed in some cancers, yet seems to act to counter angiogenesis by 
downregulating HIF-1 α . This could be a possible reaction to the increase in 
angiogenesis caused by HIF-1 α . More studies are needed to look into this particular 
lncRNA.  

8.4.5     The Long Noncoding RNA MEG3 

 Maternally expressed gene 3 (MEG3) is an lncRNA that is expressed in many cells 
and tissues. MEG3 expression is lost in many different tumors, whether it is through 
gene deletion or hypermethylation of the promoter or other regions of the gene [ 4 , 
 96 ]. Studies have shown that the re-expression of MEG3 in tumors causes inhibition 
of tumor cell proliferation through the accumulation of p53 and downstream 
activation of p53 genes. P53 acts as a transcription factor for many tumor suppressor 
genes. Therefore, when MEG3 function is lost, cells also lose the function of p53, 
leading to aggressive cancers. The lncRNA MEG3 may function as a novel tumor 
suppressor since its downregulation and/or deletion is largely associated with 
aggressive cancers [ 4 ]. 

 Furthermore, the loss of MEG3 coincides with an increase in the expression of 
pro-angiogenic genes, which may be a main cause in the increased aggressiveness 
of these tumors. Studies using the mouse ortholog Meg3 have shown that several 
genes affecting angiogenesis are upregulated when Meg3 is knocked out. It has also 
been observed that VEGF-A and its receptor VEGFR1, which are bona fi de primary 
regulators of angiogenesis, are signifi cantly increased. Thus, when Meg3 is lost, 
angiogenesis increases dramatically [ 4 ,  96 ]. Since new blood vessels are vital for 
tumor growth, the inactivation of MEG3 is one way by which tumors can continue 
to develop. 

 In addition to VEGF pathway genes, there is also an increase in genes encoding 
for adherens junctions, which are critical for endothelial cell-to-cell interactions and 
interactions with the cell matrix. These allow for stable vessel formation [ 4 ,  97 ]. In 
addition, there is an increase in hemophilic cell adhesion, GTPase activator activity, 
and actin cytoskeleton organization and biogenesis, all of which relate to an 
increased vessel formation and angiogenesis. Moreover, there is an increase in 
Notch signaling, which also aids in vessel stability [ 4 ,  97 ]. 
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 All in all, the lncRNA MEG3 is a tumor suppressor, as its presence greatly 
decreases tumor cell proliferation and its downregulation is a fundamental step in 
tumor growth. MEG3 is heavily linked to angiogenesis, and in its absence, 
angiogenesis occurs undeterred. Consequently, in normal cells, it may be that 
MEG3 acts to suppress aberrant angiogenesis from occurring. There are many 
possibilities in using MEG3 in therapeutic settings to suppress tumor growth. More 
studies are needed to determine how MEG3 is exactly downregulated or deleted and 
how it can be used to battle tumor growth.  

8.4.6     Other Long Noncoding RNAs 

 Besides the lncRNAs previously mentioned, there are a few other lncRNAs that 
may show some promise in uncovering more information about lncRNA association 
with angiogenesis. 

 One such lncRNA is sONE or NOS3AS, which happens to be another natural 
antisense transcript (NAT), much like lncRNA HIF-1A-AS2. This lncRNA regulates 
the expression of endothelial nitric oxide synthase (eNOS), under normal oxygen 
conditions and hypoxic conditions. Not much else is known about this molecule, 
and it has not been completely determined whether it acts as RNA or a protein, 
despite a possible protein product has been discovered [ 52 ]. However, there is 
potential link to angiogenesis due to its effect on endothelial cells involved in blood 
vessels. More studies are needed to determine whether this molecule acts as RNA 
or if it in fact codes for a functional protein and then to test its function on 
angiogenesis. Another NAT lncRNA is Tie-1-AS, which is the antisense transcript 
for tyrosine kinase containing immunoglobulin and epidermal growth factor 
homology domain 1 (tie-1). This lncRNA is highly conserved in humans, mice, and 
zebra fi sh [ 52 ]. It acts by binding to tie-1 mRNA transcripts and decreasing its 
levels. The decrease in tie-1 causes defects in endothelial cell junctions, which lead 
to poor vessel formation and angiogenesis [ 4 ,  99 ,  100 ]. This lncRNA is a very good 
candidate for further studies involving tumor angiogenesis. One large class of 
noncoding RNAs is pseudogenes. Pseudogenes can play important roles in 
angiogenesis and tumorigenesis [ 106 ,  107 ]. In some mRNAs, there are long 
fragments of 3’-untranslated regions (3’-UTRs), which may interact with miRNAs 
and function similarly to the long noncoding RNAs [ 101 – 105 ,  108 ].   
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8.5     Interactions Between MicroRNAs and Long 
Noncoding RNAs 

 Up to this point, we have discussed how different miRNAs and lncRNAs affect 
tumor angiogenesis. However, the interplay between noncoding RNAs and 
angiogenesis are more complicated when we realize the large amount of interactions 
that exist between different noncoding RNAs. These interactions add another layer 
of complexity, where the activity of a specifi c miRNA can alter the effect of an 
lncRNA and vice versa. This allows for certain noncoding RNA to affect tumor 
angiogenesis indirectly. There are many ways in which miRNA and lncRNA can 
affect each other. For instance, (1) miRNA can trigger the decay of lncRNA, (2) 
lncRNA can act as miRNA sponges, (3) miRNA and lncRNA can compete for the 
same mRNA, and (4) some lncRNA can generate miRNA. Regardless of the 
mechanism used, it is clear that there are signifi cant interactions between these 
noncoding RNAs, thus offering a greater potential for control of tumor angiogenesis. 
Although this area is relatively new, there are some interactions discovered that are 
relevant to tumor angiogenesis. 

8.5.1     MicroRNA Interactions with LncRNA MALAT1 

 Long noncoding RNA MALAT1 has been previously discussed and determined to 
be a pro-angiogenic factor. An increase of lncRNA MALAT1 causes a signifi cant 
increase in the number of CSCs which induce pro-angiogenic effects, whereas 
MALAT1 defi ciency leads to reduced levels of angiogenesis. Studies have shown 
that MALAT1 may also function as an miRNA sponge for miR-200c and miR-145. 
By decreasing the effects of the miRNAs (miR-200c and miR-145), their target 
gene Sox2 is upregulated, leading to an increase in stem cell-like properties. This is 
another mechanism for MALAT1 to elicit pro-angiogenic effects through miRNA 
interactions. Furthermore, other studies have shown that the overexpression of 
miR-9 decreases the levels of MALAT1, through which miRNA triggers lncRNA 
decay. More specifi cally, this occurs through miR-9 binding to MALAT1 and 
targeting it for AGO2-mediated degradation, which has been demonstrated in the 
Hodgkin lymphoma cell line L428 and glioblastoma cell line U87MG [ 87 ,  109 ]. 
Moreover, miR-9 also affects angiogenesis through other mechanisms, such as 
targeting VEGF-A, which has been discussed earlier. This example shows clear 
cross talk between two noncoding RNAs that have both been implicated in affecting 
tumor angiogenesis.  
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8.5.2     MicroRNA Let-7 Interactions with LncRNA 

 MicroRNAs in the let-7 family have been shown to be important in regulating 
angiogenesis with their anti-angiogenic effects. Let-7 miRNA targets many 
angiogenic genes, and their inhibition may promote tumor progression and 
angiogenesis. In addition, let-7 miRNA also interacts with many different lncRNAs 
which may affect the overall activity of let-7, thus affecting its function to regulate 
tumor angiogenesis. 

 Moreover, lncRNA-p21 inhibits translation, unlike most known lncRNAs. It is 
activated by the tumor suppressor protein p53. It has been shown to be negatively 
regulated in human cervical cancer cells by HuR, AGO2, and microRNA let-7b. 
Let-7b overexpression causes lncRNA-p21 degradation [ 87 ,  109 ,  110 ], and lncRNA 
HOTAIR is also impacted by let-7 miRNA in a similar fashion to lncRNA-p21 [ 87 , 
 109 – 111 ]. 

 Furthermore, long noncoding Nras functional RNA (ncNRFR) is an lncRNA that 
promotes tumorigenesis. Studies have shown that this lncRNA has a 22 nt sequence 
that perfectly matches the sequence of miRNA let-7a. Moreover, this sequence only 
differs from other members of the let-7 family by a few nucleotides, which includes 
let-7b to -7 g, let-7i, and miR-98. Studies have showed that increasing lncRNA 
ncNRFR leads to a decrease in let-7 miRNA function, which consequently increases 
let-7 target mRNAs [ 112 ]. Overall, this interaction leads to tumor promotion 
through suppression of let-7 microRNA, which is important in reducing tumor 
angiogenesis.  

8.5.3     MicroRNA Interactions with LncRNA-RoR 

 The long noncoding RNA regulator of reprogramming (lncRNA-RoR) is found to 
be in high concentrations in embryonic stem cells. It is interesting to note that many 
miRNAs that are involved in angiogenesis interact with this particular lncRNA by 
binding and decreasing its function. MicroRNA-145 is known to interact with 
lncRNA-RoR, and previous studies have shown that this miRNA is involved in the 
stabilization of vessels in endothelial cells [ 113 ,  114 ]. Furthermore, miR-99 and 
miR-181 have also been shown to be important in angiogenesis and are both 
implicated in interacting with lncRNA-RoR [ 114 ]. 

 The above examples show the complexity and many possible interactions that 
can occur between different noncoding RNAs. The involvement of microRNA and 
long noncoding RNA in tumor angiogenesis becomes much more complicated 
when they readily interact with each other. This means that some miRNAs that are 
very important in tumor angiogenesis may be infl uenced signifi cantly by lncRNA 
and vice versa. These interactions need to be delved into for a discovery of new 
mechanisms and potential novel ways to combat tumor progression.   
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8.6     Conclusion 

 So far, researches into lncRNAs and their association to tumor angiogenesis have 
been promising. LncRNAs such as MALAT1, MVIH, HIF-A-AS2, and MEG3 have 
all shown large involvement in tumor progression through affecting angiogenesis. 
There are many other lncRNAs that have been indicated in affecting tumor 
progression, and more researches are justifi ed to uncover novel lncRNAs and the 
mechanisms of their action. The study of lncRNA in tumor progression and 
specifi cally angiogenesis is still relatively new, which gives a potential for a wealth 
of new information. One area that can be further explored is the interactions between 
lncRNAs and microRNAs. LncRNAs generally function as microRNA sponges, 
and there are many microRNAs found affecting tumor angiogenesis [ 115 – 117 ]. 
Thus, there may be lncRNAs that affect angiogenesis by extension through 
microRNAs. Given that lncRNA interactions are complex and cover many biological 
pathways, it offers great potential for further therapeutic discoveries.     
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    Chapter 9   
 Noncoding RNAs in Cancer Immunology                     

     Qian     Li     and     Qiang     Liu    

    Abstract     Cancer immunology is the study of interaction between cancer cells and 
immune system by the application of immunology principle and theory. With the 
recent approval of several new drugs targeting immune checkpoints in cancer, can-
cer immunology has become a very attractive fi eld of research and is thought to be 
the new hope to conquer cancer. This chapter introduces the aberrant expression and 
function of noncoding RNAs, mainly microRNAs and long noncoding RNAs, in 
tumor-infi ltrating immune cells, and their signifi cance in tumor immunity. It also 
illustrates how noncoding RNAs are shuttled between tumor cells and immune cells 
in tumor microenvironments via exosomes or other microvesicles to modulate 
tumor immunity.  

  Keywords     Noncoding RNAs   •   Cancer immunology   •   Long noncoding RNAs   • 
  MicroRNAs  

9.1       Introduction 

9.1.1     History of Cancer Immunology 

 The history of cancer immunology went back to 1909 when Paul Ehrlich indicated 
that human natural immune system probably could distinguish tumor cells from 
normal cells and eliminated them. In 1943, it was shown that syngeneic mice immu-
nized against tumors in the same inbred strain could reject a subsequent tumor chal-
lenge [ 1 ]. This was confi rmed by many later studies that demonstrated the importance 
of cellular immunology as a mediator of allograft rejection as well as protection 
against the transfer of mouse tumors. At the end of 1950s, Burnet and Thomas 
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discovered “oncological immunosurveillance” that the immune system could pick 
up the malignancy and destroy it to suppress tumor development [ 2 ]. 

 In 1970s, cancer immunology experienced a period of fast development when 
natural killer cells (NK cells) were recognized. A new concept—“immune eva-
sion”—that the tumor would “actively use” or “edit” the pathway of immune sys-
tem to avoid being hunted down by host immunity appeared. Since 1995, several 
preclinical studies successfully showed that dendritic cells (DCs), when appropri-
ately activated and induced to present tumor-derived peptides, could effectively 
elicit tumor-specifi c T-cell response [ 3 – 5 ]. A number of following clinical trials in 
different cancer types also demonstrated the induction of antitumor immune 
responses with clinical responses in some cases [ 6 – 9 ]. 

 With decades of hard work on cancer immunology, astonishing results were 
recently obtained in the clinical trials using immune checkpoint inhibitors and chi-
meric antigen receptor T-cell therapy. Cancer immunotherapy was selected as the 
top “Breakthrough of the Year” by American Association of Science in 2013 [ 10 ]. 
These exciting results inspired tremendous research interest, and cancer immuno-
therapy was selected by American Society of Clinical Oncology as the “Advance of 
the Year” in 2016.  

9.1.2     Current Understanding of Cancer Immunology 

 During the past few decades, extensive research has revealed several key aspects of 
cancer immunology: Immunosurveillance of tumors defi nitely exists. “Successful” 
tumors are often immunoselected so that they can evade immune elimination. Both 
the adaptive and innate immune systems are involved in tumor recognition and 
clearance. Tumor elimination involves the same recognition mechanisms that are 
used to combat pathogens [ 11 ]. 

 It is now known that both innate and adaptive immune cells, effector molecules, 
and pathways can act as an extrinsic or intrinsic tumor suppressor. More impor-
tantly, their deregulation can promote tumor progression through tumor immunoed-
iting. Table  9.1  shows the immune organs, cells, and related immune molecules that 
are important in normal immune system as well as cancer immunology.

   It is generally believed that the battle between immune system and cancer is a 
dynamic process. The immune system plays a dual role in the complicated interac-
tion between tumors and the host, which prompts a refi nement of cancer immuno-
surveillance hypothesis into “cancer immunoediting.” During this process, the 
immune system actively modifi es the immunogenic phenotype of tumors as they 
develop [ 12 ]. Cancer immunoediting is composed of three main phases. 
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9.1.2.1     Elimination Phase 

 This is a phase that immune cells such as cytotoxic T lymphocytes and NK cells, 
tumor-specifi c antigens, and cytokines of both innate and adaptive immunity work 
in concert to eliminate cancer cells at early stage.  

9.1.2.2     Equilibrium Phase 

 Emerging evidence suggests that heterogeneous cancer cells can have some variants 
to avoid being arrested by immune system. When cancer cells obtain a non- 
immunogenic phenotype, they can escape from the elimination phase and enter into 
the equilibrium phase that hosts immunity, after which tumor cells come to a 
dynamic balance. This phase is the longest of the three processes in cancer immu-
noediting and may occur over a period of many years [ 13 ]. The equilibrium phase 
explains why tumor cells can exist for a long time in the host body, remaining dor-
mant and subclinical apparent.  

9.1.2.3     Escape Phase 

 During this period of Darwinian selection, new cancer cell variants that acquire new 
mutations to further increase the growth and immunoresistance will emerge. In this 
phase, cancer cells continue to grow and expand in an uncontrolled manner and 
eventually lead to clinically apparent tumors.   

   Table 9.1    Immune organs, cells, and molecules in cancer immunology   

 Immune organ  Immune cells  Immune molecules 

 Center  Periphery  Membrane 
molecules 

 Secretory molecules 

 Thymus  Spleen  Stem cells  TCR  Immunoglobulin 
 Bone 
marrow 

 Lymphonodus  Lymphocyte  BCR  Cytokines 

 Mucosa-associated 
lymphoid tissue 

 Mononuclear 
phagocyte 

 CDs  Complement system 

 Skin immune 
system 

 Antigen-presenting 
cell 

 MHC 

 Others (mast cells, 
granulocyte, 
erythrocyte, 
thrombocyte) 

 Adherence 
factor 

 Others 
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9.1.3     Noncoding RNA 

 After the Human Genome and ENCODE projects were fi nished, it came into sur-
prise that only 2 % or less of human genome could be transcribed into mRNAs and 
later translated into proteins. The rest of the genome initially thought to be “junk 
DNA” was later discovered to have various functional and regulatory roles. 

 Among the noncoding RNAs, microRNAs (miRNAs) are one of the best-studied 
groups. miRNA is a category of small noncoding and single-stranded RNAs with 
the length of about 22 nts. miRNAs mainly negatively regulate protein expression 
by interacting with the 3′-untranslated region of mRNA to inhibit its translation or 
induce mRNA degradation. 

 Long noncoding RNAs (lncRNAs) are a group of noncoding RNAs with the 
length of more than 200 nts. Accumulating evidence suggests that lncRNAs play 
important roles in many aspects of cell biology. It is estimated that there are at least 
20,000 human lncRNA transcripts. Although mechanistically complicated, 
lncRNAs mainly regulate gene expression or signal transduction by directing inter-
action with transcriptional factors, signal modulators, etc. 

 In this chapter, we will mainly discuss microRNA and lncRNA in cancer 
immunology.   

9.2     MicroRNAs and Cancer Immunology 

9.2.1     MicroRNAs and Macrophage 

 Macrophage is one of the most abundant immune cells in tumor microenvironment 
and plays an important role in regulating tumor initiation, proliferation, invasion, 
and metastasis [ 14 ]. miRNAs are critical in regulating monocyte differentiation or 
maturation. 

9.2.1.1     miR-17-5p, miR-20a, and miR-106a 

 Fontana’s group has reported that the levels of microRNA-17-5p, microRNA-20a, 
and microRNA-106a are different between monocyte and macrophage. Transfection 
with miRNA-17-5p, miRNA-20a, and miRNA-106a suppresses AML1 protein 
expression, which then results in M-CSF receptor (M-CSFR) downregulation, 
increased blast proliferation, and inhibition of monocytic differentiation and matu-
ration [ 15 ]. This suggests that monocytopoiesis is controlled by a circuitry involv-
ing sequentially miRNA-17-5p, miRNA-20a, and miRNA-106a, AML1, and 
M-CSFR.  
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9.2.1.2     miR-155 

 Costinean et al. have reported that overexpression of miR-155 in hematopoietic 
cells induces malignancy [ 16 ]. It has also been shown that miR-155 is overexpressed 
in multiple types of cancer including breast cancer, lung cancer, thyroid cancer, and 
pancreatic cancer [ 17 ,  18 ]. Transcriptome analysis has identifi ed a large number of 
miR-155-regulated genes, including cytokines, chemokines, and transcription fac-
tors, suggesting that miR-155 may play an important role in regulating cancer 
immunology. 

 The targets of miR-155 include TLR2, TLR3, TLR4, or TLR9, which are 
increased in macrophage when simulated by bacteria and viruses [ 19 ,  20 ]. 
Androulidaki A and Baltimore D have demonstrated that miR-155’s negative regu-
lation of infl ammatory is directly through suppression of cytokine signaling 1 and 
phosphatidylinositol-3,4,5-trisphosphate 5-phosphatase 1 (SOCS1 and SHIP1) 
[ 21 ]. Ceppi et al. have demonstrated that miR-155 simulates TRAF6/IRAK1 in 
NF-κB pathway. Additionally, TAB2, an important signal transducer, is directly 
controlled by miR-155 in TLR/IL-1 signaling pathways in DC. miR-155 is highly 
expressed during macrophage maturation, indicating that it may play a critical role 
during macrophage differentiation [ 22 ].  

9.2.1.3     Other miRNAs 

 Berman and his colleagues have used two different techniques of microRNA array 
to identify 199 miRs expressed in human’s primary macrophages, including let-7a, 
miR-16, miR-23a, miR-30b, miR-103, miR-146a, miR-212, and miR-378. 
Nevertheless, the function and mechanism of these miRNAs remain unclear [ 23 ]. 

 It has been reported that miR-147 acts as a negative regulator to prevent infl am-
matory responses via binding with TLR2, TLR3, or TLR4 in Myd88 and TRIF- 
dependent ways [ 24 ]. Ectopic expression of miR-125b in macrophages increases 
their responsiveness to IFN-γ and leads to a more effective killing of EL4 tumor [ 25 ]. 
miR-21 has also been shown to regulate the expression of PDCD4, a proinfl amma-
tory tumor suppressor. And it can also bind to TLR7 and TLR8 to trigger immune 
response, leading to tumor growth and metastasis [ 26 ]. More recently, Zhu D has 
demonstrated that miR-17, miR-20a, and miR-106a regulate SIRPα synthesis and 
SIRPα-mediated macrophage infl ammatory responses in a redundant fashion [ 27 ].   

9.2.2     MicroRNA and NK Cells 

 NK cells kill cancer cells by using killer-activating receptors (KARs) expressed on 
the cell surface to interact with tumor-derived ligands such as MICA and 
MICB. Therefore, even when cancer cells loss their major histocompatibility com-
plex (MHC), NK cells can still cause their death. 
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 Bezman et al. have used the mice with conditional abatement of Dicer and 
DiGeorge syndrome critical region 8 (Dgcr8) to dissect the roles of miRNAs in 
regulating the activation, survival, and function in NK cells. While the Dgcr8 or 
Dicer was deleted in NK cells, the apoptosis of NK cells in periphery increased, 
suggesting that miRNAs may control the survival of NK cells. Potential mecha-
nisms include mitotic defects due to centromere dysfunctions, defects in hetero-
chromatin maintenance, and aberrant overexpression of proapoptotic proteins [ 28 ]. 
Yamanaka and his colleagues have recently found that inhibition of miR-21 in the 
human NK cell line leads to increased apoptosis associated with upregulation of 
proapoptotic miR-21 targets such as PTEN, PDCD4, and Bim, indicating that miR- 
21 may be a critical miR in controlling of NK cell survival [ 29 ]. 

 As is already known, low expression of CD27, active proliferation, and high 
level of CD11b are markers of mature NK cells. In Bezman’s study, they have found 
that more immature CD27 high  CD11b low  NK cells accumulate in mice with the dele-
tion of Dgcr8 or Dicer, indicating that miRNAs also impact the maturation of NK 
cells. miR150 has also been shown to be dynamically regulated during NK cell 
maturation [ 28 ,  30 ]. 

 NKG2D (natural killer group 2, member D) is thought to play an important role 
in mediating the activation of anticancer immune response in NK cells. Nevertheless, 
there is no signifi cant effect on the level of NKG2D in mice with deletion of Dgcr8 
or Dicer. Meanwhile, Bezman’s study has indicated that miRNAs regulate the 
expression of a NKG2D ligand, Rae-1. It is possible that a specifi c miRNA, although 
currently unknown, targets Rae-1 mRNA [ 28 ]. 

 Heinemann et al. have identifi ed another ligand of NKG2D, ULBP2, as a strong 
prognostic marker in human malignant melanoma. They showed that the tumor- 
suppressive microRNAs (miRNAs) miR-34a and miR-34c controlled ULBP2 
expression by directly targeting the 3′-untranslated region of ULBP2 mRNA. The 
level of miR-34a was inversely correlated with the expression of ULBP2 surface 
molecules [ 31 ]. 

 NK cells have longer life than naïve, effector, and memory CD8 +  T cells [ 32 ], but 
their miRNA profi les are similar. miR-142-3p, miR-142-5p, miR-150, miR-16, 
miR-23a, miR-15b, miR-29a, miR-29b, miR-30b, and miR-26a are highly expressed 
in both naïve NK cells and CD8 +  T cells. miR-21, miR-221, and miR-222 are 
expressed in both NK and effector CD8 +  T cells, whereas miR-146a is found in both 
NK cells and memory CD8 +  T cells. Similar to NK cells, the frequency and number 
of naïve CD8 +  T cells are preferentially reduced in Dicer- and Dgcr8-defi cient mice. 
Thus, there may be common miRNAs and similar regulatory mechanisms among 
NK cells and naïve, effector, and memory CD8 +  T cells [ 33 ,  34 ]. 

 miR-29 has three isolated forms (a, b, c) that are highly expressed in normal tis-
sues but are downregulated in a broad range of solid tumors, including neuroblas-
toma, sarcomas, and brain tumors. B7-H3 (CD276), a co-stimulatory molecule that 
plays a potent role in immune responses, is a type I transmembrane glycoprotein 
aberrantly expressed in numerous types of cancer and associated with poor progno-
sis. Interestingly, B7-H3 can be transcribed in both normal tissues and tumors, but 
B7-H3 protein can only be expressed in tumor tissues. Cheung and his colleagues 
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have showed that B7-H3 protein expression is inversely correlated with miR-29. 
Using luciferase reporter assay, miR-29a was shown to directly target B7-H3 3′- 
untranslated region. Knock-in and knockdown of miR-29a led to downregulation 
and upregulation of B7-H3 in both NK cells and T cells [ 35 ].  

9.2.3     MicroRNA and T Cells 

 T cells mediate “cellular” immunity by directly interacting with cancer cells. When 
specifi c tumor antigens are presented, activated CD4+ and CD8+ T cells traffi c to 
the tumor site, release cytotoxic granules, lyse cancer cells via Fas–FasL interac-
tion, and recruit secondary effectors. 

9.2.3.1     miR-146a and miR-146b 

 It has been reported that miR-146a is expressed in mouse peripheral CD4 +  T cells, 
particularly in CD4 + CD25 +  T reg  cells. High expression of miR-146a has also been 
found in mouse CD8 +  T cells, as well as non-T reg  CD4 +  T cells (CD4 + CD25 − ). 
Sheppard and his colleagues have showed that miR-146a is upregulated in naïve 
CD8+ T cells after IL-2 or IL-15 treatment even without TCRs, but decreases after 
being exposed to IL-7 [ 36 ]. Additionally, in T-cell acute lymphoblastic leukemia, 
ectopic expression of miR-146a results in signifi cant upregulation of PU.1, c-Fos, 
CCAAT/enhancer-binding protein alpha (C/EBPα), and GATA3 and slight upregu-
lation of Foxp3 and Runx1. There is also a signifi cant, moderate downregulation in 
the expressions of Notch1, LIM-domain only (Lmo2), Son of Sevenless 1 (SOS1), 
Ikaros, and signal transducer and activator of transcription 3 (STAT3). These results 
indicate that miR-146a is associated with regulation of Th1 response [ 37 ]. 

 Yang et al. have demonstrated that T cells (CD4 +  T cells and CD8 +  T cells) of 
mice lacking miR-146a expression are more sensitive and active in infl ammatory 
responses. In this study, TCR-driven NF-κB activation upregulated the expression 
of miR-146a, which in turn downregulated NF-κB activity to function as a negative 
feedback regulator. This effect was at least partly through repressing the NF-κB 
signaling transducers TRAF6 and IRAK1 [ 38 ]. Lu and his colleagues have identi-
fi ed that defi ciency of miR-146a in Treg cells leads to upregulation of signal trans-
ducer and activator of transcription 1 (STAT1), downregulation of SOCS1, and 
breakdown of IFN-γ-dependent immunity [ 39 ]. Liu et al. have identifi ed several 
miRNAs specifi cally upregulated in premalignant PTEN-defi cient thymocytes, 
including miR-146a and miR-146b. Overexpression of miR-146a and miR-146b 
delayed induction of c-myc oncogene, a key driver of transformation. Additionally, 
miR-146b-induced c-myc suppression in mature CD4 T cells impaired TCR- 
mediated proliferation. Together, these results suggest that miR-146a and miR-146b 
may inhibit progression to a malignancy [ 40 ].  
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9.2.3.2     miR-155 

 miR-155 has been shown to be important in the differentiation of T cells, especially 
CD4+ T cells. Rodriguez et al. have indicated that deletion of miR-155 in naïve T 
cells results in polarized differentiation preferentially into Th2 cells, with substan-
tial production of Th2 cytokines including IL-4, IL-5, and IL-10. The target of miR- 
155 was shown to be c-Maf, a transcription factor to promote transcription of IL-4 
[ 41 ]. Banerjee and his colleagues have found that miR-155 is induced upon T-cell 
activation and, it promotes Th1 differentiation when overexpressed in activated 
CD4 +  T cells. Antagonism of miR-155 resulted in induction of IFN-γRα, which was 
identifi ed as another miR-155 target in T cells, suggesting that miR-155 contributed 
to Th1 differentiation in CD4 +  T cells by inhibiting IFN-γ signaling. miR-155 not 
only regulated effector T cell functions but also involved in the development of Treg 
cells [ 42 ]. Lu et al. have found that Foxp3, a transcription factor, is also a target of 
miR-155. In the absence of miR-155(Foxp3 + ) in mice, the number of Tregs signifi -
cantly reduced, but the suppressor activity of Tregs remained unchanged, indicating 
that miR-155 was critical to Treg development with a mechanism different from 
miR-146a [ 43 ]. 

 Ji et al. have showed that knockdown of miR-155 increases the expression of 
SOCS1 and suppresses STAT3 expression to inhibit cancer cell growth, migration, 
and invasion in laryngeal squamous cell carcinoma (LSCC). Meanwhile, overex-
pression of miR-155 promoted cell growth, migration, and invasion [ 44 ].  

9.2.3.3     miR-181a 

 T-cell sensitivity to antigen is tightly regulated during maturation to ensure proper 
development of immunity and tolerance. In 2007, Li et al. showed that increasing 
miR-181a expression in mature T cells enhanced their sensitivity to peptide anti-
gens, while inhibiting miR-181a expression in the immature T cells decreased their 
sensitivity and impaired both positive and negative selection. These effects were 
partly achieved by downregulating multiple phosphatases, which led to an increase 
of steady-state phosphorylated intermediates and a decrease of TCR signaling 
threshold [ 45 ,  46 ]. 

 Additionally, Mori et al. have showed that the expression of miR-181a is associ-
ated with poor prognosis in colorectal cancer patients [ 47 ].  

9.2.3.4     miR-17-92 

 miR-17-92 is shown to be expressed in many types of human tumors including lung 
cancer, breast cancer, and lymphoma, mainly due to gene amplifi cation and Myc- 
mediated transcriptional upregulation. Xiao et al. have demonstrated that B-cell- 
specifi c miR-17-92 transgenic mice develop lymphomas with high penetrance and 
Myc-driven lymphomagenesis stringently requires two intact alleles of miR-17-92. 
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Further analysis has shown that miR-17-92 drives lymphomagenesis by suppressing 
the expression of multiple negative regulators of the PI3K and NF-κB pathways and 
by inhibiting the mitochondrial apoptosis pathway [ 48 ]. 

 Sasaki et al. performed miRNA microarray analysis and found that the levels of 
miR-17-92 is signifi cantly overexpressed in Th1 than that in Th2. The inhibition of 
IL-4 pathway by neutralizing antibody or inhibitors of STAT6 has restored the 
expression of miR-17-92 in Th2 cells. These results suggest that the type-2-skewing 
tumor microenvironment induces the downregulation of miR-17-92 expression in T 
cells, thus decreasing the persistence of tumor-specifi c T cells and tumor control. 
Sasaki also suggested that genetic engineering of T cells to express miR-17-92 
might represent a promising approach for cancer immunotherapy. miR-17-92 regu-
lated the maturation of CD8+ T cells and inhibited the TGF-β-dependent differen-
tiation of Treg cells. Moreover, it was required for differentiation of Th17 [ 49 ]. 

 The transcription of miR-17-92 cluster was regulated by E2F, STAT3, c-Myc, 
and sonic hedgehog pathway. The target of miR-17-92 contained E2F, p21, anti- 
angiogenic thrombospondin-1, connective tissue growth factor, and phosphatase 
and tensin homolog (PTEN). These suggest that miR-17-92 plays a key role in 
controlling apoptosis and proliferation, consistent with the fi ndings in miR-17-92 
transgenic mice that have stronger capacity for survival and proliferation. 

 Another target of miR-17-92 is HIF-1α, identifi ed in lung cancer by Taguchi 
[ 50 ]. Unlike other cells relying on HIF-1α to survive, T cells only use HIF-1a as a 
negative regulator in infl ammatory. Knockdown of HIF-1α increased the secretion 
of IFN-γ in T cells. Moreover, miR-17-92 expression was decreased in T cells from 
tumor-bearing mice. Collectively, miR-17-92 may participate in regulating tumor 
immune evasion.  

9.2.3.5     Other miRNAs 

 miR-326 has been found to target Ets, a transcription factor, which is a negative 
regulator of Th17 development. Increased expression of miR-326 results in the pro-
motion of Th17 maturation and enhanced IL-17 secretion [ 51 ]. 

 Meggetto et al. have recently found that miR-150, epigenetically silenced by 
STAT3/DNMT1, is involved in the development of hemopathies and downregulated 
in T-lymphomas [ 52 ].   

9.2.4     MicroRNA and B cells 

 B cells kill cancer cells mainly by releasing antibodies specifi cally targeting cancer 
cells. 
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9.2.4.1     miR-181b 

 The fi rst miRNA studied in B cells is miR-181b, which is overexpressed during the 
development of B cells. PCDC10, GATA6, HIF-1α, and AID have been demon-
strated to be the targets of miR-181b. Konski has recently found that miR-181b 
inhibits breast cancer metastasis by directly downregulating the proinfl ammatory 
cytokines CXCL1 and CXCL2 [ 53 ,  54 ].  

9.2.4.2     miR-150 

 miR-150, a mediator during the development of B cells, was found to be lowly 
expressed in immature B cells, but highly expressed in mature ones. C-Myc [ 55 ], 
FOXP1 [ 55 ], and KFL2 [ 56 ] are found to be the targets of miR-150. Zhou et al. have 
reported that premature expression of miR-150 in B cell blocks the translation of 
pro-B cells to pre-B cells [ 57 ].  

9.2.4.3     miR-155 

 Similarly important to its role in T cells, miR-155 was found to play a crucial role 
in B cell. Overexpression of miR-155 was shown to lead to B preleukemia. Further 
clinical observation indicates that sustained high expression of miR-155 leads to 
myeloproliferative disorder. Recent studies have indicated that miR-155 is associ-
ated with hematopoietic lineage differentiation. Moreover, knockdown of miR- 
155 in B cells results in reduced germinal center responses and less production of 
IgG1 antibodies. Several studies have found that the targets of miR-155 in B cells 
are quite similar to those in T cell, including Pu.1, SHIP1, and AID (activation- 
induced cytidine deaminase). Dorsett et al. have established transgenic mice models 
using AID with mutated miR-155-binding site. They have demonstrated that AID is 
required for immunoglobulin gene diversifi cation in B lymphocytes, and it also pro-
motes chromosomal translocations, suggesting that miR-155 can act as a tumor 
suppressor by reducing potentially oncogenic translocations generated by AID [ 58 ]. 
Wang et al. have recently demonstrated that knockdown of miR-155 disrupts the 
B-cell-activating factor (BAFF)-R-related signaling pathway and reduces the trans-
location of nuclear factor (NF)-κB into the nucleus [ 59 ]. 

 In 2013, Neilsen et al. assembled a comprehensive list with 140 genes and regu-
latory proteins targeted by miR-155 in myelopoiesis and leukemogenesis (AICDA, 
ETS1, JARID2, SPI1, etc.), infl ammation (BACH1, FADD, IKBKE, INPP5D, 
MYD88, RIPK1, SPI1, SOCS, etc.), and known tumor suppressors (C/EBPβ, 
IL17RB, PCCD4, TCF12, ZNF652, etc.) [ 60 ]. 

 In addition to AP-1 family members, JunB and FosB have been identifi ed to be 
recruited to the  MIR155HG  promoter region to regulate miR-155 expression fol-
lowing B-cell receptor activation [ 61 ].    
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9.3     lncRNA and Cancer Immunology 

 lncRNAs have rapidly become a hot topic of research in recent 3–5 years. Not only 
are the quantities of lncRNAs much higher than those of miRNAs, but the mecha-
nism and functional diversity of lncRNAs are also much more complicated than 
those of miRNAs. The technical diffi culties do not hinder the enthusiasm about 
lncRNAs for they have been shown to be very important in many aspects of biology 
including immunology. The lncRNAs discussed below are mostly discovered and 
play important roles in models of immunology. It is very likely that they are also 
very important in certain circumstances of cancer immunology. 

9.3.1     lincRNA-cox2 

 The induction of infl ammatory gene expression is key to the antimicrobial defenses, 
which is controlled by a collaboration involving activation of transcription factors, 
transcriptional co-regulators, and chromatin-modifying factors. Recently Fitzgerald 
et al. have identifi ed a long noncoding RNA (lncRNA), lincRNA-COX2, which acts 
as a key regulator of this infl ammatory response. They have also demonstrated that 
lincRNA-cox2 mediate both the activation and repression of distinct classes of 
immune genes. 

 lincRNA-Cox2 is named because of its adjacent location to Cox2 (prostaglan-
din–endoperoxide synthase 2, PTGS2) gene. The inductions of Cox2 and lincRNA- 
Cox2 are both dependent on MyD88, which is a key adaptor protein in the TLR 
signaling. However, lincRNA-Cox2 does not regulate the transcription of cox2 gene 
because silencing lincRNA-Cox2 cannot change the expression of its neighboring 
gene Cox2. 

 A number of chemokines (Ccl5, Cx3cl1), chemokine receptors (Ccrl), and 
interferon- stimulated genes (ISGs) (Irf7, Oas1a, Oas1l, Oas2, Ifi 204, and Isg15) are 
upregulated when lincRNA-Cox2 is silenced in unstimulated cells. And when the 
same cells are stimulated by Pam 3 CSK 4 , lincRNA-Cox2 induces 713 gene expres-
sions including Tlr1, Il6,  and  Il23a. 

 While the detailed mechanism remains unclear, lincRNA-Cox2 localized in both 
the cytoplasm and nucleus interacts with heterogeneous nuclear ribonucleoproteins 
(hnRNPs) A/B and A2/B1 to regulate the transcription of the related immune genes 
[ 62 ].  

9.3.2     PACER 

 In 2014, Krawczyk and Emerson found that an lncRNA, named P50-associated 
cyclooxygenase-2 (COX-2) extragenic RNA (PACER), activated the expression 
of COX-2 gene. COX2 protein is overexpressed in many types of cancer and is 
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also found to play an important role in the differentiation of monocytes into 
macrophages. 

 Using primary human mammary epithelial cells and monocyte/macrophage cell 
lines, Krawczyk and Emerson showed that the chromatin boundary/insulator factor 
CCCTC-binding factor (CTCF) established an open chromatin domain and induced 
the expression of PACER within the upstream promoter region of COX-2. Upon 
induction of COX-2 expression, PACER is associated with p50, a repressive subunit 
of NF-κB, and occluded it from the COX-2 promoter, potentially facilitating its 
interaction with activation-competent NF-κB p65/p50 dimers. This enabled the 
recruitment of p300 histone acetyltransferase, a domain-wide increase in histone 
acetylation and assembly of RNA polymerase II initiation complexes. These fi nd-
ings unveil an unexpected mechanism of gene control by lncRNA-mediated repres-
sor occlusion and identify the COX-2-lncRNA, PACER, as a new potential target 
for COX-2 modulation in infl ammation and cancer [ 63 ]. 

 Recently it has been shown that Cox2 is expressed in tumor-associated macro-
phages (TAMs) that play an important role in tumor microenvironment. Both in vivo 
and in vitro experiments demonstrated that PACER acted as a positive regulator to 
promote the expression of Cox2, in both epithelial cells and monocyte-derived 
macrophages.  

9.3.3     NKILA 

 In 2015, Song and his colleagues identifi ed an NF-κB-interacting lncRNA (NKILA), 
which was upregulated by NF-κB, bound to NF-κB/IκB, and directly masked phos-
phorylation motifs of IκB, thereby inhibiting IKK-induced IκB phosphorylation and 
NF-κB activation. Interestingly, unlike DNA that was dissociated from NF-κB by 
IκB, NKILA interacted with NF-κB/IκB to form a stable complex. 

 NKILA was found to be mainly expressed in the cytoplasm of cancer cells and 
upregulated by the infl ammatory signals in tumor microenvironment. As a negative 
feedback regulator of NF-κB, it turned out to be essential to prevent the over- 
activation of NF-κB pathway in infl ammation-stimulated breast epithelial cells. 
Furthermore, low NKILA expression was found to associate with breast cancer 
metastasis and poor patient prognosis. This study uncovers an important mechanism 
of lncRNAs by directly interacting with functional domains of signaling proteins to 
modulate the activity of signaling pathways. NKILA has become a new class of 
NF-κB modulators to suppress cancer metastasis and infl ammation [ 64 ].  

9.3.4     lnc-DC 

 In 2014, Cao and his colleagues identifi ed lnc-DC, which was exclusively highly 
expressed in human conventional dendritic cells (DCs), including almost every sub-
sets such as Lin − MHC-II + CD11c +  cDCs and so on from the blood and skin. RNA- seq 
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experiment has showed that lnc-DC does not exist in stem cells, progenitor cells, 
monocytes, or T/B cells. Thus, lnc-DC is a specifi c and stable marker of DCs. 

 When lnc-DC was knock downed, the expressions of many immune genes 
changed. For example, CD40, CD80, CD86, and HLA-DR, which were important 
factors for T cells, were downregulated. Meanwhile, CD14, a marker of monocytes, 
increased. Additionally, DCs’ ability to uptake antigen got lost. The proliferation of 
CD4 + T cells and production of immune cytokines signifi cantly reduced. These 
results indicate that lnc-DC may play a role in regulating the differentiation of DCs. 

 Indeed lnc-DC is essential in regulating the differentiation of DCs from human 
monocytes in vitro and from mouse bone marrow cells in vivo. Knockdown of lnc- 
DCs inhibits the capacity of DCs to stimulate the activation of T cells. lnc-DC medi-
ates these effects by activating the transcription factor STAT3 (signal transducer and 
activator of transcription 3). lnc-DC, mainly expressed in the cytoplasm of DCs, 
directly binds to STAT3 and promotes STAT3 phosphorylation on tyrosine-705 by 
preventing STAT3 binding to and being dephosphorylated by SHP1. This study has 
identifi ed a lncRNA that regulates the differentiation of DCs and also broadened the 
known mechanisms of lncRNA action [ 65 ].  

9.3.5     THRIL 

 To understand whether lncRNAs play a role in regulating cell defense mechanisms 
and host–pathogen interactions, Li et al. have designed a custom human lincRNA 
microarray to detect genome-wide changes of the expression of lincRNAs in a clas-
sical model of innate immune cell activation. THRIL (TNFα and hnRNPL-related 
immunoregulatory lincRNA) is one of the lncRNAs differentially expressed in the 
macrophage-like cells that are differentiated from human THP1 monocyte cell line 
and stimulated with a synthetic lipopeptide ligand of TLR2. 

 THRIL was shown to be expressed in many human tissues and required for the 
induction of TNFα expression. It could bind specifi cally to heterogeneous nuclear 
ribonucleoprotein L (hnRNPL) and form a functional THRIL–hnRNPL complex 
that regulated the transcription of the TNFα gene by binding to its promoter. 

 Interestingly, while silencing THRIL decreases TNFα expression, overexpres-
sion of THRIL fi rst increases TNFα expression and later downregulates not only 
TNFα but also itself. The high secretion of TNFα results in THRIL downregulation, 
suggesting a feedback loop between THRIL and TNFα. 

 Transcriptome analysis has showed that THRIL is required for the expression of 
many immune-responsive genes, including other cytokines such as IL-8, CXCL-10, 
CCL1, and CSF1, and transcriptional and posttranscriptional regulators of TNFα 
expression. Knockdown of THRIL leads to deregulation of these genes during 
innate activation of THP1 macrophages. 

 More importantly, THRIL expression is correlated with the severity of symptoms 
in patients with Kawasaki disease, an acute infl ammatory disease in children. This 
study provides evidence that lincRNAs and their binding proteins can regulate 
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TNFα expression and may play important roles in the innate immune response and 
infl ammatory diseases in humans.  

9.3.6     lnc-IL7R 

 lnc-IL7R is another lncRNA identifi ed through lncRNA microarray technique. lnc- 
IL7R, which overlaps with the 3′-untranslated region (3′-UTR) of the human inter-
leukin- 7 receptor α-subunit gene (IL7R gene), is signifi cantly upregulated in THP1 
macrophages treated with LPS or Pam. 

 lnc-IL7R is capable of diminishing the LPS-induced infl ammatory response 
because knockdown of lnc-IL7R increases the expression of LPS-induced E-selectin, 
VCAM-1, IL-6, and IL-8. However, although lnc-IL7R overlaps with 3′-UTR of 
IL7R gene, overexpression of lnc-IL7R has no effect on IL7R expression or LPS- 
induced expression of proinfl ammatory cytokines, such as TNFα, IL-8, and IL-6 in 
THP1 cells. Interestingly, knockdown of both lnc-IL7R and IL7R, instead of IL7R, 
signifi cantly enhances LPS-induced expression of the proinfl ammatory mediators 
such as E-selectin, VCAM-1, IL-6, and IL-8, suggesting that lnc-IL7R functions 
independently of IL7R in regulating the infl ammatory response to LPS. 

 Cui et al. have found that lnc-IL7R knockdown diminishes the trimethylation of 
histone H3 at lysine 27 (H3K27me3), a hallmark of silent transcription, at the proxi-
mal promoters of the infl ammatory mediators. These data suggest that lnc-IL7R 
contributes another layer of complexity in regulation of the infl ammatory response 
[ 66 ].  

9.3.7     Lethe 

 Pseudogenes are genes that have lost their protein-coding abilities as a result of 
mutations accumulated during evolution. They were previously referred to as “dead 
genes” because they were thought to have lost their function completely, even lack-
ing the ability to encode RNA. Nevertheless, recent studies have showed that pseu-
dogenes are in fact transcribed into long noncoding RNAs, and these are now a new 
focus of research. 

 Rapicavoli et al. have reported that specifi c and distinct pseudogene-derived long 
RNAs are made when cells are exposed to different kinds of infections. Lethe 
(named after the “river of forgetfulness” in Greek mythology) is a pseudogene 
lncRNA selectively induced in mouse embryonic fi broblast (MEF) cells by proin-
fl ammatory cytokines via NF-κB or glucocorticoid receptor agonist. It binds to 
NF-κB and prevents it from interacting with DNA, thereby reducing the production 
of many infl ammatory factors and functioning as a negative feedback signaling to 
NF-κB. 
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 Lethe is the fi rst pseudogene that has been shown to have an active role in regu-
lating signaling pathways involved in infl ammation. It is possible that other pseudo-
genes may also have active roles in regulating distinct signaling pathways. This 
suggests that many novel functions for pseudogenes and long noncoding RNAs are 
yet to be found [ 67 ].  

9.3.8     IFNG-AS1 

 In 2010, when lncRNA research was at its beginning phase, Collins et al. demon-
strated an ~1 kb-long element located at the upstream of IFN-γ gene that had no 
protein-coding ability and bound to Runx3 to recruit RNA polymerase II to IFN-γ 
gene to regulate its expression. Two years later, Collins found more noncoding 
DNA regions around IFN-γ gene and named them conserved noncoding sequences 
(CNSs). He showed that these CNSs were associated with IFN-γ gene expression. 
CNS-30, CNS-4, and CNS+20 exerted their function in different stages of Th1 dif-
ferentiation, with CNS-4 necessary for the induction of IFN-γ in effector Th1 cells. 
Moreover, CNS-16, CNS-4, and CNS+20 were each partially needed for IFN-γ 
induction in NK cells, while CNS-16 was a repressor in regulating IFN-γ. 

 Then Collier et al. identifi ed the fi rst lncRNA and named it TMEVPG1 (Theiler’s 
murine encephalomyelitis virus persistence candidate gene 1) because it was ini-
tially identifi ed as a candidate gene for the control of Theiler’s virus persistence. It 
had also been named as NeST (nettoie Salmonella pas Theiler’s) before. Recently, 
it has often been called IFNG-AS1 because it is indicated to have a new role in the 
differentiation of Th1 related to IFN-γ. 

 According to the fi ndings by Collier and his colleagues, the expressions of both 
IFNG-AS1 and IFN-γ were high in Th1 but low in Th2. Silencing IFN-γ had no 
affect to IFNG-AS1, but knockdown of IFNG-AS1 led to a markedly decrease of 
IFN-γ. Also, overexpression of IFNG-AS1 upregulates the transcription of IFN-γ, 
indicating IFNG-AS1 regulated the expression of IFN-γ to facilitate the differentia-
tion of Th1 cells [ 68 ]. 

 It has also been demonstrated that IFNG-AS1 functions in CD8 +  T cells via the 
interaction with WDR subunit to increase the H3K4me at IFN-γ locus [ 69 ].  

9.3.9     lincR-Ccr2-5 ′ AS 

 To further understand the role of lncRNAs in the differentiation of T cells, Hu et al. 
used 42 T-cell samples to analyze the changes of lncRNA during the differentiation 
from early T-cell progenitors to terminally differentiated T helper cells. The analy-
sis shows highly dynamic and cell-specifi c expression patterns for lincRNAs during 
T-cell differentiation. 
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 While STAT4 and T-bet activated Th1-preferred lincRNAs, GATA3 and STAT6 
regulated Th2-preferred lincRNAs. Many lincRNAs highly induced in Th cells 
were located next to protein-coding genes critical to T-cell function, indicating a 
possible coevolution of lincRNA and protein-coding genes for the control of 
immune function. 

 lincR-Ccr2-5′AS, a lncRNA located between Ccr3 and Ccr2 genes and tran-
scribed in the opposite direction of the Ccr2 gene, was expressed specifi cally in Th2 
cells. Moreover, the lncRNA was associated with genes in the chemokine-mediated 
signaling pathway, suggesting a co-regulation of their expression. Knockdown of 
lincR-Ccr2-5′AS in Th2 cells did not change the IL-4 level, but markedly decreased 
the expression of Ccr1, Ccr2, Ccr3, and Ccr5, which were located in the vicinity of 
the lincR-Ccr2-5′AS gene. Moreover, knockdown of lincR-Ccr2-5′AS signifi cantly 
decreases the number of Th2 cells migrated to the lung. These results indicate that 
lincR-Ccr2-5′AS can modulate the expression of several chemokine receptors and 
so contributes to Th2 cell migration [ 70 ].  

9.3.10     GATA3-AS1 

 GATA3 is an important transcription factor that regulates Th2 differentiation. Zhang 
et al. have reported that a lncRNA located at the antisense strand of transcriptional 
start site of GATA3, named GATA3-AS1, is specifi cally expressed in primary Th2 
cells but not in other immune cells. They have found that GATA3-AS1 belongs to 
the category of divergent lncRNAs and is transcribed in the opposite direction from 
GATA3 in both mouse and human genomes. Also, both GATA3-AS1 and GATA3 
are co-expressed in mouse and human Th2 cells, although the function of 
GATA3-AS1 remains unknown. This systematic genome-wide analysis of human 
primary CD4+ T-cell subset helps to identify novel CD4+ T lineage-specifi c genes. 
lincRNA GATA3-AS1 might serve as a specifi c indicator of Th2 response and Th2- 
associated diseases and might be involved in Th2 cell differentiation [ 71 ].  

9.3.11     Th2-LCR 

 In 2003, Hwang et al. reported that the expression of Th2 cytokines was coordi-
nately regulated by the Th2 locus control region (Th2-LCR) located in the 3′-region 
of the RAD50 gene [ 72 ]. In 2015, Spurlock and his colleagues used the whole 
genome sequencing (RNA-seq) to identify lncRNAs differentially expressed in T 
cells differentiated under Th1-, Th2-, or Th17-polarizing conditions. Interestingly, 
the majority of lineage-specifi c lncRNA genes were co-expressed with nearby 
lineage- specifi c protein-coding genes. These lncRNAs were predominantly intra-
genic with co-expressed protein-coding genes and transcribed in both sense and 
antisense directions with almost equal frequencies. Genes encoding Th 
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lineage- specifi c mRNAs were not randomly distributed across the genome but 
highly enriched in genomic regions containing genes encoding Th lineage-specifi c 
lncRNAs. 

 This study has identifi ed a cluster of antisense lncRNAs specifi cally expressed in 
Th2 lineage that regulate the expression of Th2 cytokines, IL-4, IL-5, and IL-13. 
This lncRNA cluster in human overlapped with the RAD50 locus and thus was 
contiguous with the previously described Th2-LCR in mouse. Given the same 
genomic location with the mouse Th2-LCR, this lncRNA cluster is referred to as 
Th2-LCR lncRNA. 

 Th2-LCR lncRNA is consisted with four spliced transcripts. Targeting individual 
alternatively spliced Th2-LCR lncRNAs with siRNAs resulted in partial inhibition 
of IL-4, IL-5, or IL-13 cytokine expression, but siRNA-targeted knockdown of all 
Th2-LCR lncRNA alternatively spliced isoforms caused a greater degree of inhibi-
tion, indicating that alternatively spliced lncRNAs functioned cooperatively to drive 
Th2 cytokine expression. 

 Further, knockdown of the Th2-LCR lncRNA results in a signifi cant decrease in 
H3K4Me3 at the promoter, intron, and a distal conserved region of IL-4 and the 
promoter and a distal conserved element of IL-3. This suggests that Th2-LCR 
lncRNA plays a role in facilitating the formation of H3K4Me3 marks at multiple 
genomic positions at IL-4 and IL-13 loci [ 73 ].  

9.3.12     linc-MAF-4 

 In 2015, Ranzani et al. investigated the expression of lincRNAs in 13 subsets of T 
and B lymphocytes by RNA-seq analysis and de novo transcriptome reconstruction. 
They found that the expression of a lincRNA specifi c to the TH1 subset of helper T 
cells, named linc-MAF-4, was inversely correlated with the expression of MAF, a 
TH2-associated transcription factor. 

 Further, knockdown of linc-MAF-4 in active naive T cells upregulates the expres-
sion of MAF and skews T-cell differentiation toward the Th2 phenotype. In addi-
tion, linc-MAF-4 has been shown to bind with MAF’s promoter and act as a scaffold 
to recruit two repressors, EZH2 and LSD1, to the promoter. This study suggests that 
linc-MAF-4 downregulates the expression of MAF by recruiting EZH2 and LSD1 
to modulate the activity of enzymatic EZH2 on MAF’s promoter [ 74 ].  

9.3.13     NRON 

 NRON is one of the fi rst identifi ed lncRNAs that play an important role in biology. 
In 2005, Willingham et al. identifi ed a lncRNA functioning as a repressor of NFATs 
(nuclear factor of activated T cells) and named it NRON (noncoding RNA repressor 
of NFAT). 
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 NFAT is a Ca 2+ -regulated transcription factor which is normally heavily phos-
phorylated and stays in the cytoplasm of resting cells. When cells are stimulated by 
a rise in intracellular Ca2+, NFAT proteins are dephosphorylated by the Ca2+/
calmodulin-dependent phosphatase calcineurin and then translocate to the nucleus 
to activate the expression of target genes. 

 In 2011, Sharma et al. found that phosphorylated NFAT1 is present in a large 
cytoplasmic RNA–protein scaffold complex that contains NRON, a scaffold protein 
IQGAP, and three NFAT kinases. Knockdown of both NRON and IQGAP1 increases 
NFAT dephosphorylation and nuclear import exclusively after stimulation, without 
changing the rate of NFAT rephosphorylation and nuclear export. Both NRON- 
depleted T cells and T cells from IQGAP1-defi cient mice showed increased expres-
sion of NFAT-dependent cytokines. This study indicates that a complex of lincRNA 
and protein forms a scaffold to bring a transcription factor to the proximity of its 
regulatory kinases to regulate its activation [ 75 ].  

9.3.14     Fas-AS1 

 In 2014, Sehgal et al. reported that the alternative splicing of Fas in lymphomas was 
tightly regulated by a long noncoding RNA corresponding to an antisense transcript 
of Fas and named it Fas-AS1. 

 Soluble Fas (sFas) receptor inhibits apoptosis by sequestering Fas ligand, and its 
serum level is associated with poor prognosis of non-Hodgkin’s lymphomas. Sehgal 
et al. found that the levels of Fas-AS1 correlated inversely with the production of 
sFas, and Fas-AS1 binding to the RBM5 inhibited the expression of sFas. EZH2, 
often mutated or overexpressed in lymphomas, hyper-methylated the Fas-AS1 pro-
moter and repressed its expression. Relieved repression of Fas-AS1 promoter or 
ectopic expression of Fas-AS1 decreased the expression of sFas. Treatment with 
Bruton’s tyrosine kinase inhibitor or EZH2 knockdown decreased the expression of 
EZH2, RBM5, and sFas, thereby enhancing Fas-mediated apoptosis. This study is 
the fi rst report showing a lncRNA regulates the function of Fas, which provides a 
rationale for the use of EZH2 inhibitors or ibrutinib in combination with chemo-
therapeutic agents that recruit Fas for effective cell killing [ 76 ].   

9.4     Outlook 

 Cancer immunology is thought to be the new hope to defeat cancer. Noncoding 
RNAs, especially miRNAs and lncRNAs, emerge as important regulators in many 
aspects of biology including cancer immunology. However, only a small portion of 
lncRNAs has been studied so far, and new models of lncRNA function continue to 
surprise us. It is possible that other types of ncRNAs, such as circular RNA and 
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snoRNA, may also be essential in regulating cancer immune response. In addition 
to the functions of ncRNAs, the prognostic and therapeutic values of these ncRNAs 
in cancer immunology are waiting to be explored.     
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    Chapter 10   
 Noncoding RNAs in Therapeutic Resistance 
of Cancer                     

     Lintao     Jia      and     Angang     Yang    

    Abstract     Despite the encouraging advances made to date in cancer therapy, the 
benefi ts to patients are frequently offset by the development of resistance to thera-
peutics. Given their involvement in regulating multiple aspects of gene expression 
and cell signaling that dictates the behaviors of malignant cells, it is not surprising 
that noncoding RNAs (ncRNAs) play pivotal roles in the resistance of cancers to 
clinically available therapeutics. Aberrant expression of these ncRNAs, attributed to 
inherent defects or stress-responsive variations, mediates cellular signaling that 
compensates for unfavorable molecular events elicited by the therapeutics, thereby 
preventing the pharmaceuticals from exerting their desired effects on their cellular 
targets; alternatively, ncRNAs may regulate cancer therapeutic sensitivity by affect-
ing drug accessibility to neoplastic cells and in vivo drug metabolism. In addition, 
dysregulation of ncRNA expression in cancer stromal cells can impair the respon-
siveness of neoplastic cells to appropriate therapies. In this chapter, we will describe 
ncRNA-related mechanisms underlying cancer resistance to routine therapeutics, 
hopefully providing rationales for the development of drug-sensitizing strategies 
targeted against or based on these ncRNAs.  
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10.1       Introduction 

 In the history of modern medicine, the wish to cure human malignancies has pro-
vided primitive and persistent impetus for the mechanistic studies on cancers. 
Thanks to the novel insights achieved in these studies, the clinical practice of cancer 
therapy has gained substantial improvement in the past decades, which is evidenced 
by the sustained decrease in cancer-related mortality worldwide albeit the ascend-
ing incidence of many types of malignancies in recent years [ 1 ]. However, the fre-
quently occurring cancer resistance to the regular and innovative treatment leads to 
compromised effi cacy of these therapeutics. As a large category of gene transcripts 
which fulfi ll a role without being translated into proteins, noncoding RNAs 
(ncRNAs) coordinate with proteins to regulate almost every detail of the intracel-
lular signaling machinery. Consistently, accumulating studies have disclosed the 
indispensable roles of ncRNAs, particularly microRNAs (miRNAs) and long non-
coding RNAs (lncRNAs), in regulation of cancer therapeutic resistance [ 2 ].  

10.2     Conventional and Targeted Therapy of Cancer 

 Because of the lack of effective therapies, cancers occurring in diverse tissue types 
remain among the most life-threatening human disorders. However, chemotherapy 
and radiotherapy, in addition to surgery, have in many cases signifi cantly improved 
the progression-free survival (PFS) of cancer patients [ 3 ,  4 ]. Moreover, a cohort of 
molecular targeted pharmaceuticals, e.g., monoclonal antibodies and small- 
molecule inhibitors, has been approved as fi rst-line treatments for malignancies and 
has improved the outcomes of various cancers when applied alone or in combina-
tion with conventional therapies [ 5 ]. Cancer biotherapy, which is characterized by 
the delivery of a therapeutic gene or immunoregulatory protein or by the transfer of 
modifi ed cells, is moving from a vision to clinical reality, thus providing additional 
options for personalized therapy of cancers [ 3 ]. 

10.2.1     Chemo- and Radiotherapy 

 Chemotherapy is a drug therapy that kills cancer cells or stops them from multiply-
ing [ 6 ]. Most chemotherapeutic drugs are cytotoxic, in that they restrain cell divi-
sion (mitosis), and are therefore more effective against fast-dividing cells such as 
cancer cells. These drugs block cell proliferation via various mechanisms involving 
DNA damage or inhibition of cellular machinery (exemplifi ed by rearrangement of 
the cytoskeleton), usually culminating in a form of programmed cell death known 
as apoptosis [ 7 ]. 
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 Chemotherapeutic reagents currently used in clinical practice can be classifi ed as 
follows:

    1.    Alkylating agents, which bind covalently to DNA and cross-link DNA strands 
via their alkyl groups, causing DNA strand breaks and apoptosis. These agents 
work in a cell cycle-independent manner. This category of agents includes nitro-
gen mustards, nitrosoureas,   tetrazines    , aziridines, cisplatins, and their 
derivatives.   

   2.    Antimetabolites, further subcategorized into antifolates, fl uoropyrimidines, 
deoxynucleoside analogs, or thiopurines, include nucleobase or nucleoside ana-
logs that impair DNA synthesis by competitively binding to polymerases and/or 
cause DNA damage upon incorporation into growing DNA strands. 
Antimetabolites selectively inhibit carcinoma cells in S phase of the cell cycle.   

   3.    Anti-microtubule agents, e.g., vinca alkaloids, taxanes, and podophyllotoxin, are 
plant-derived or semisynthetic chemicals that block cell division by interfering 
with the function of cytoskeletal proteins, in particular, the assembly and disas-
sembly of microtubules. They also inhibit angiogenesis in solid tumors.   

   4.    Topoisomerase inhibitors, such as irinotecan, topotecan, etoposide, doxorubicin, 
mitoxantrone, teniposide, novobiocin, merbarone, and   aclarubicin    , can affect the 
DNA binding or catalytic activity of two enzymes,   topoisomerases I     and   II    , 
which are critical for DNA unwinding required for replication.   

   5.    Cytotoxic antibiotics, such as   anthracyclines     (  doxorubicin    , daunorubicin, etc.), 
  actinomycin    ,   bleomycin    ,   plicamycin    , and   mitomycin    , are a large group of drugs 
with various mechanisms of action. The combination of these cytotoxic agents 
leads to numerous chemotherapeutic regimens that can be used against cancers 
of different types or different clinical stages [ 7 ].     

 Radiation therapy (radiotherapy) is commonly applied to cancerous tissue either 
alone or as part of   adjuvant     therapy [ 4 ]. To avoid injury to normal tissue, shaped 
radiation beams from several angles are aimed such that they intersect at the tumor 
(or the draining lymph nodes, if the tumor cells may have spread). Ionizing radia-
tion triggers cell death by damaging   DNA     via release of two types of energy,   pho-
ton    s and   charged particle    s. Photon therapy kills cells mainly through production of 
free radicals, which cause severe and irreparable DNA damage, including double- 
stranded DNA breaks. Failure to repair damaged DNA leads to apoptotic cell death. 
Cancer cells reproduce more rapidly at the expense of a diminished ability to repair 
chromosomal abnormalities, allowing sublethal damage to accumulate. 
Consequently, the cells die or divide more slowly. By contrast, charged particles, 
e.g.,   protons     and ions of   boron    ,   carbon    , and   neon    , cause DNA damage in malignant 
cells through direct energy transfer independent of tumor oxygen supply and can be 
more tightly focused on the tumor due to their relatively large mass. Thanks to 
improved tumor targeting and attenuated cytotoxicity against healthy tissues, radio-
therapy is used in clinical treatment of a growing list of malignancies [ 8 ].  
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10.2.2     Molecular Targeted Therapy 

 The past decade has witnessed the emerging and rapid expansion of molecular tar-
geted therapy of various malignancies. In these approaches, therapeutic agents 
selectively bind and functionally inhibit dominant oncogenic proteins [ 5 ]. To date, 
two classes of oncoproteins have been targeted for therapeutic purposes:

    1.    Cell surface or matrix proteins such as growth factors, receptors, or leukocyte 
differentiation antigens, which are accessible to antibodies. Examples of mono-
clonal antibodies approved for cancer therapy (and their respective targets) 
include trastuzumab/Herceptin (erbB2/HER2), cetuximab (EGFR), rituximab 
(CD20), and bevacizumab/Avastin (VEGF) [ 9 ].   

   2.    Cancer-promoting enzymes such as the protein tyrosine kinases (PTKs), which 
are key components of cellular signaling pathways that drive uncontrolled pro-
liferation and apoptosis resistance. The activity of these PTKs can be selectively 
inhibited by a cohort of small-molecule compounds. Tyrosine kinase inhibitors 
(TKIs) already in the oncologist’s armamentarium include gefi tinib, erlotinib, 
and Gleevec, which target EGFR; lapatinib, which targets both EGFR and HER2; 
and sorafenib, which inhibits the Raf/MEK/ERK pathway; and several multi- 
target inhibitors [ 5 ]. Whereas TKIs exert their anticancer effects solely by inhib-
iting kinase activity (and consequently attenuating downstream signaling), 
therapeutic antibodies may play inhibitory roles on tumors both by ablating the 
function of the target protein and by eliciting tumoricidal immune responses 
such as antibody-dependent cell-mediated cytotoxicity (ADCC). The latter 
depends strongly on the cancer microenvironment [ 5 ,  9 ].    

  The concept of molecular targeting in cancer therapy is also reminiscent of the 
long-standing clinical use of antihormone therapy against specifi c types of cancers. 
Because estrogens and androgens play pivotal roles in the occurrence of some cat-
egories of breast, ovarian, and prostate cancers, compounds that competitively bind 
steroid hormone receptors and block hormone/receptor interactions have been used 
for prevention and treatment of these malignancies [ 10 ,  11 ]. Of note are the selec-
tive estrogen receptor modulators (SERMs), e.g., tamoxifen, which are prescribed 
for and are effective against estrogen receptor (ER)-positive invasive breast cancers. 
Similarly,   steroidal     antiandrogens can counteract the carcinogenic effect of andro-
gens by targeting the androgen receptor (AR) and have consequently been used for 
clinical treatment of androgen-dependent prostate cancers [ 10 ,  11 ].  

10.2.3     Gene, Cell, and Immune Therapy 

 Cancers are characterized by genetic alterations leading to aberrant expression of 
oncogene or tumor suppressors, as well as by failures of immunosurveillance and 
eradication of transformed cells [ 12 ]. Suppression of cancers can be achieved via 
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delivery of tumor-suppressive or cytotoxic protein-coding genes. Alternatively, 
autologous or allogenic cells can be propagated or modifi ed in vitro, endowed with 
tumor-inhibitory capacities, and transferred to individual patients for adoptive ther-
apy. The anticancer proteins, genes, and cells used for these purposes include those 
that can elicit immunological responses or attenuate immune tolerance to cancers. 
Although very few technical breakthroughs have been obtained to date in regard to 
clinical treatment, these novel therapeutics hold great promise for improving patient 
outcomes when applied as adjuvants or in personalized therapy [ 13 ].   

10.3     General Mechanisms of Resistance to Cancer 
Therapeutics 

 Cancer resistance to clinical treatment arises from the failure of therapeutics to 
inhibit the malignant phenotypes of neoplastic cells. In principle, cancer cells 
become unresponsive to a drug for one or more of the following reasons:

    1.    Inaccessibility of cells or molecular targets to the drug. Although most small- 
molecule anticancer pharmaceuticals can easily diffuse into dividing neoplastic 
cells where they impair the structure or biosynthesis of macromolecules and 
thereby trigger programmed cell death, cells also express machinery for outward 
transport of drug molecules. Of note in this regard are the members of ATP- 
binding cassette transporter (ABC transporter) superfamily of transmembrane 
proteins, which utilize the energy of ATP to transport a variety of substrates, 
including exogenous chemicals, across the membrane and out of the cell [ 14 ].   

   2.    Inability of drugs to cause lethal or suppressive molecular events. This phenom-
enon can be attributed to detoxifi cation of the drug by the cell, reduced produc-
tion of cytotoxic mediators such as reactive oxygen species (ROS), and 
dysfunction in the machinery involved in DNA repair or cell death. In such cases, 
a specifi c population of cells within a heterogeneous population can continue to 
survive and proliferate despite the presence of an anticancer drug [ 14 ].   

   3.    Alternative signaling that compensates for the impairment caused by the drug. 
Although carcinogenesis is driven mainly by key genetic variation(s), cancer 
cells may harbor multiple abnormalities in gene expression and intracellular sig-
naling. More importantly, their unstable genomes may give rise to new variations 
that facilitate the maintenance of malignant phenotypes. Therefore, although a 
tumoricidal drug can successfully target a single signal pathway that drives cell 
survival or proliferation, activation of alternative or branched pathways may suf-
fi ce to activate common downstream signaling events that deregulate oncogene 
and tumor-suppressor effectors [ 14 ].     

 The critical roles of ncRNAs in mediating these signaling events and conferring 
resistance to routine and molecular targeted therapies are now being characterized. 
In cancer cells, these ncRNAs directly regulate the intracellular signaling that 
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 determines cell responsiveness to various therapeutics. Alternatively, ncRNAs may 
regulate the behaviors of stromal or immune cells in the tumor microenvironment, 
thereby affecting drug sensitivity in a non-cell-autonomous manner [ 14 – 16 ].  

10.4     Counteracting Roles of Therapy-Evoked and ncRNA- 
Related Signaling Events in Cancer Cells 

 Although therapeutics trigger macromolecule damage and stresses that are detri-
mental to the survival of cancer cells, drug-refractory cell populations develop 
mechanisms to circumvent growth inhibition or death induced by cytotoxic drugs. 
Frequently, these signaling processes are regulated by ncRNAs [ 14 ] (see Fig.  10.1 ).
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  Fig. 10.1    ncRNAs regulate intracellular signal pathways that counteract the cytotoxicity of anti-
cancer therapeutics. Therapeutics impede cancer cell survival, proliferation, and other malignant 
phenotypes by suppressing intracellular signaling that leads to the expression of pro-survival and 
pro-proliferative genes, as well as by damaging DNA or the cytoskeleton, producing ROS, or 
impairing metabolism. Ultimately, these events trigger apoptotic cell death. Therapeutic-resistant 
cancer cells circumvent these detrimental events via constitutive activation of downstream or alter-
native receptor-mediated pro-survival and pro-proliferative signaling or through blockade of apop-
totic signaling. All of these processes are potentially regulated by ncRNAs, including miRNAs and 
lncRNAs       
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10.4.1       Canonical Intracellular Pathways for Cell Survival 
and Division 

 Cancer arises from the aberrant activation of cellular signaling pathways that pro-
mote survival and proliferation. Upon stimulation by environmental factors and 
coupled in many cases to intracellular messengers, these pathways initiate a cascade 
of kinase activation, thereby inducing activation and nuclear translocation of tran-
scription factors or the assembly of complexes of transacting factors. Ultimately, 
these events culminate in the expression of genes responsible for cell survival, cell 
cycle entry, migration, and other behaviors [ 17 ]. Although routine therapeutic 
approaches such as chemotherapy, radiation, and molecular targeted pharmaceuti-
cals elicit different upstream events, they may converge on blockade of the same 
pathways to inhibit cancer progression. Accordingly, sustained activation of these 
pathways may underlie cancer resistance to clinical therapeutics [ 14 ]. 

 The phosphatidylinositol-3 kinase (PI3K)/Akt pathway, in which PI3K phos-
phorylates inositol ring 3ʹ-OH groups in inositol phospholipids to generate the sec-
ond messenger phosphatidylinositol-3,4,5-trisphosphate (PIP 3 ) and activate Akt, is 
among the most frequently activated pro-survival and pro-mitotic pathways [ 18 ]. 
  Arcaroli     et al. have found that a mutation in the PI3K catalytic subunit PIK3CA 
reduces its affi nity to miR-520a and increases the sensitivity of colorectal cancers to 
Src inhibitors, suggesting that crosstalk between the Src and PI3K pathways con-
tributes to regulation of malignant behaviors of such tumors [ 19 ]. The tumor- 
suppressor PTEN negatively regulates the PI3K/Akt pathway by dephosphorylating 
PIP 3 . Numerous studies have demonstrated the involvement of PTEN deregulation 
in therapeutic resistance of cancers. In particular, Meng et al. have screened for 
miRNAs that regulate the chemosensitivity of cholangiocarcinomas. They found 
that miR-21 and miR-200b increased sensitivity to gemcitabine and that PTEN was 
a direct target of miR-21 [ 20 ]. In non-small cell lung cancers (NSCLCs) and hepa-
tocellular carcinomas (HCCs), miR-221 and miR-222, both of which are induced by 
Met activation of c-Jun, can target PTEN, thereby activating Akt signaling and 
imparting resistance to apoptosis triggered by tumor necrosis factor-related 
apoptosis- inducing ligand (TRAIL) or Apo 2 ligand (Apo2L) [ 21 ]. In addition, 
miR-214 promotes cell survival and cisplatin resistance by targeting PTEN in ovar-
ian cancer [ 22 ]. In hepatocellular carcinomas (HCCs), miR-216a/217 targets PTEN 
and Smad7 to reinforce the PI3K/Akt and TGF-β signaling, respectively, thus main-
taining the malignant and stem-like phenotypes of HCC cells even under TKI treat-
ment [ 23 ]. Although widely recognized as a tumor suppressor, miR-200c activates 
Akt and induces chemoresistance by targeting PPP2R1B, a subunit of protein phos-
phatase 2A, in esophageal cancers [ 23 ]. In prostate and breast cancers, miR-95 con-
fers resistance to radiotherapy by targeting the sphingolipid phosphatase SGPP1, an 
antagonist of sphingosine-1-phosphate signaling downstream of the canonical 
PI3K-Akt pathway [ 24 ]. The mammalian target of rapamycin (mTOR) acts down-
stream of PI3K/Akt to maintain the key malignant behaviors of cancer cells. MiR-
199a-39, which targets mTOR and c-Met, is downregulated in various  malignancies 
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including HCC, contributing to resistance of malignant cells to chemotherapeutics 
such as doxorubicin [ 25 ]. 

 The Ras/mitogen-activated protein kinase (MAPK) pathway is another funda-
mental pathway required for cell growth and transformation. Ras is a small GTPase 
that responds to upstream signaling and elicits the cascade of Raf/MEK/MAPK 
kinase activation, and mutation or constitutive activation of Ras has been implicated 
in the development of various malignancies and the acquisition of cancer resistance 
to different therapeutics.   Weidhaas     et al. have highlighted the role of the let-7 family 
in improving the radiosensitivity of cancer cells by targeting Ras and other onco-
genes [ 26 ]. In lung carcinomas, miR-27a modulates chemosensitivity by targeting 
the Raf kinase inhibitory protein (RKIP) [ 27 ,  28 ]. 

 Other documented intracellular signal pathways also play important roles in 
potentiating cell growth and conferring therapeutic resistance to cancers. In this 
regard, let-7 can directly repress the interleukin-6 (IL-6)-activated JAK/STAT pro- 
survival pathway, and its expression correlates with a relatively optimistic prognosis 
for esophageal squamous cell carcinoma patients receiving cisplatin treatment [ 29 ]. 
Phosphodiesterase 8A (PDE8A) and UV radiation resistance-associated gene 
(UVRAG), which negatively regulate cAMP/PKA and Notch signaling, respec-
tively, are targets of miR-33a in glioblastoma [ 30 ]. In addition, miR-155-3p is 
involved in Toll-like receptor (TLR)-mediated resistance to the anti-chronic lym-
phocytic leukemia (CLL) drug, fl udarabine [ 31 ]. Thus, ncRNAs play critical roles 
in regulating therapeutic susceptibility of carcinomas by fi ne-tuning the potency 
and cross talk of canonical intracellular pathways.  

10.4.2     Oncogenic Ligands and Receptors 

 The signals that drive survival and proliferation of cells originate from the extracel-
lular matrix. The engagement of ligands with their receptors transfers environmen-
tal signals into the cell, where intracellular pathways are activated to support cell 
growth. When these signals are exaggerated or uncontrollable, they lead to malig-
nant transformation. Growth factors, ontogenesis-related ligands, steroid hormones, 
and their specifi c receptors are representative initiators of oncogenic signaling [ 17 ]. 

10.4.2.1     Growth Factors/Receptors 

 Numerous growth factors and receptors drive oncogenic signaling and malignant 
transformation of cells, making them potential targets for cancer therapeutics. 
Human epidermal growth factor receptors (HER) are well-characterized biomarkers 
of various cancers. These proteins form heterologous dimers in response to binding 
of growth factors and subsequently phosphorylate downstream substrate proteins to 
activate classical signal pathways [ 32 ]. HER1/EGFR-targeted TKIs are most com-
monly used for treatment of lung cancers, whereas the monoclonal antibody 
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cetuximab is approved for clinical treatment of colorectal cancers and squamous 
cell carcinoma of the head and neck (SCCHN) [ 32 ]. Garofalo et al. have determined 
the mechanisms underlying TKI resistance of EGFR-positive lung cancers and 
identifi ed a cohort of downstream miRNAs that repress the master regulators of cell 
survival and division [ 33 ]. Rai et al. have observed that overexpression of miR-7 in 
TKI-resistant lung cancers increases drug sensitivity in cancers harboring an EGFR 
mutation (T790M) by targeting EGFR, insulin receptor substrate-1 (IRS-1), and 
Raf-1 [ 34 ]. An analysis of the miRNA transcriptome and global network structure 
in colorectal carcinoma suggests that downregulation of the K-Ras-targeting miR-
NAs let-7b and let-7e and upregulation of miR-17* are candidate molecular mark-
ers for cetuximab resistance [ 35 ]. 

 The humanized HER2/erbB2 antibody, trastuzumab (Herceptin), is a pioneer 
antitumor antibody that expedites revolutionary progress in treatment of breast can-
cers and, more recently, advanced gastric cancers. Nevertheless, the majority of 
patients with HER2-positive cancers exhibit resistance to primary trastuzumab 
treatment or develop acquired resistance upon repeated administration. Recent stud-
ies have revealed that both cancer cell-autonomous mechanisms, e.g., inaccessibil-
ity or decreased affi nity of HER2 for the antibody or activation of alternative growth 
factor pathways, and modifi cations of the tumor microenvironment that suppress 
antibody-elicited immunological responses may underlie resistance to trastuzumab 
[ 36 ]. To decipher the role of miRNAs in mediating trastuzumab resistance of breast 
cancers, our laboratory screened for miRNAs differentially expressed in trastuzumab- 
refractory and trastuzumab-sensitive neoplastic cells. We found that miR-200c 
downregulation decreased trastuzumab responsiveness by alleviating suppression 
of transforming growth factor-β (TGF-β) signaling, whereas downregulation of 
miR-375 and consequently depression of its target gene, insulin-like growth factor 
1 receptor (IGF1R), maintained cell growth in the context of blocked HER2 signal-
ing [ 37 ,  38 ]. These studies demonstrate that miRNAs play a regulatory role in can-
cer resistance to molecular targeted drugs by modulating drug-targeted or alternative 
growth factor pathways. 

 Other growth factors involved in carcinogenesis include platelet-derived growth 
factors (PDGFs), hepatic growth factor (HGF), IGF1R, and (very rarely) bone mor-
phogenetic proteins (BMPs). For instance, the active A receptor type 1 (ACVR1), a 
key receptor in BMP signaling, is targeted by miR-148 in hepatocytes. Meanwhile, 
downregulation of miR-148 defi nes a cancer stem cell-like, aggressive, and therapy- 
resistant subtype of hepatocellular carcinoma via the miR-148a–ACVR1–BMP–
Wnt regulatory circuit [ 39 ]. Thus, failure to abolish driving or alternative growth 
factor signaling is a common mechanism of drug resistance regulated by ncRNAs.  

10.4.2.2     Ontogenesis-Related Ligands/Receptors 

 Aberrant signaling through canonical pathways involved in embryonic develop-
ment, e.g., the Wnt, Notch, and Hedgehog pathways, can drive the transformation 
of various types of cells. Meanwhile, reactivation of these pathways may underlie 
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resistance to clinical cancer treatments [ 40 ]. Wnt signaling is activated by the bind-
ing of a Wnt-protein   ligand     to a   Frizzled     family   receptor    , which transfers the bio-
logical signal to the   Dishevelled     protein inside the cell. The canonical Wnt pathway 
triggers accumulation and nuclear translocation of β-catenin, coactivating   TCF/LEF 
family     of   transcription factors     to switch on gene expression [ 41 ]. The miRNA- 
mediated regulation of the Wnt pathway is involved in therapeutic resistance in a 
wide range of malignancies. In colorectal cancers, asymmetric cell division (ACD) 
and stem cell homeostasis are disrupted, thereby facilitating carcinogenesis, via a 
regulatory loop involving miR-146a. The transcriptional factor Snail upregulates 
miR-146a through the β-catenin-TCF4 complex, whereas miR-146a targets Numb 
to stabilize β-catenin, maintaining Wnt activity and driving symmetrical cell divi-
sion. This mechanism is critically involved in the resistance of colorectal cancer to 
molecular targeted drugs [ 42 ]. In pancreatic ductal adenocarcinoma cells, Smad4 
defi ciency ablates TGF-β-triggered expression of miR-494, which in turn upregu-
lates FoxM1, an miR-494 target, and facilitates nuclear translocation of β-catenin, 
leading to oncogenesis and resistance to gemcitabine chemotherapy [ 43 ]. 

 The Notch signaling pathway is a fundamental signaling system used by neigh-
boring cells to communicate with each other. Notch receptors are single-pass trans-
membrane proteins whose ligands include members of the Delta-like (DLL1, DLL3, 
DLL4) and Jagged (JAG1, JAG2) families. Ligand binding causes cleavage of 
Notch and release of the Notch intracellular domain (NICD), which undergoes 
nuclear translocation and associates with the CSL (CBF1/Su[H]/Lag-1) transcrip-
tion factor complex, resulting in activation of the canonical Notch target genes. 
Notch signaling is involved in carcinogenesis and cancer drug resistance, although 
it plays disparate roles in various malignancies [ 41 ]. Park et al. have found that miR- 
34a levels are reduced in p53-defi cient breast cancers, contributing to resistance to 
conventional chemotherapy by upregulating the miR-34a target Notch1 [ 44 ]. 

 The Hedgehog (Hh) signaling pathway is one of the key regulators of animal 
development and cell lineage commitment. In the absence of Hh ligands, the cell 
surface transmembrane protein   Patched     (PTCH) suppresses the activity and expres-
sion of the receptor   Smoothened     (SMO). PTCH engagement by Hh (e.g.,   Sonic 
Hedgehog     [SHH], the best-studied   ligand    ) leads to the dissociation and activation of 
SMO, which in turn activates the GLI   transcription factors     to initiate downstream 
gene expression. The Hh pathway has been implicated in the development of vari-
ous cancers, including basal cell carcinoma and medulloblastoma [ 41 ]. Recent stud-
ies have revealed that Hh signaling, which is regulated by miRNAs, is also involved 
in resistance to routine cancer treatment. For example, miR-9 contributes to temo-
zolomide resistance by targeting PTCH in glioblastoma [ 45 ]. Drugs that specifi cally 
target Hedgehog signaling are being developed for treatment of these malignancies. 
Thus, the classical ontogenesis-related pathways, which are fi ne-tuned by miRNAs, 
also contribute to carcinogenesis and the occurrence of drug resistance.  
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10.4.2.3     Steroid Hormone and Receptors 

 Depending on the homology relationships of their specifi c receptors, steroid hor-
mones are classifi ed as   glucocorticoids    ,   mineralocorticoids    ,   androgens    ,   estrogens    , 
or   progestogens     [ 46 ]. By binding to and prompting the nuclear translocation of a 
class of intracellular receptors, they transcriptionally activate a cohort of genes that 
participate in cell metabolism,   infl ammation    ,   immunity    , and development of   sexual 
characteristics    . The exaggerated signaling by overexpression of ERs and ARs plays 
an important role in the development of mammary and genital carcinomas. Hence, 
antihormone therapeutics using estrogen antagonists such as SERMs and antiandro-
gens like   fl utamide     and   bicalutamide     have emerged as fi rst-line treatments for breast 
cancer and prostate cancer, respectively [ 46 ]. However, neoplastic cells have 
evolved intricate signaling mechanisms to circumvent the cytotoxic effect of these 
antagonists, leading to acquisition of resistance to antihormone therapeutics [ 47 ]. 

 The involvement of ncRNAs in cancer resistance to tamoxifen, the most- 
prescribed SERM, has been intensively investigated. Consistent with the reported 
suppression of ER expression by hyperactivation of MAPKs in breast cancer, Miller 
et al. have identifi ed an MAPK-regulated miRNA signature that associates signifi -
cantly with reduced ER expression and poor response to tamoxifen, suggesting that 
miRNAs can be targeted to reverse resistance to hormone therapy [ 48 ]. Maillot has 
determined miRNA profi les that are regulated by estrogen signaling or altered by 
antiestrogen therapy in breast cancers, highlighting the role of individual miRNAs 
in conferring antiestrogen resistance on breast cancers [ 49 ]. ER-α can be directly 
targeted and inhibited by miR-221/miR-222 in breast cancers, compromising the 
therapeutic effi cacy of tamoxifen and enabling ER-α-independent growth of tamox-
ifen-resistant cancer cells [ 50 ]. Other miRNAs play regulatory roles in tamoxifen 
responsiveness of breast cancers by affecting alternate molecular machineries that 
govern cell cycle entry, cell survival, and metastasis [ 49 ]. Aberrant expression of a 
set of miRNAs and the lncRNA BCAR4 predicts poor response to tamoxifen, whose 
effectiveness in breast cancer relies on expression of HER2 [ 49 ,  51 ]. As a direct 
target of ER-mediated transcriptional repression, the lncRNA HOTAIR is upregu-
lated by tamoxifen and compensatorily increases the level of ER protein, ultimately 
resulting in resistance of breast cancer to chemotherapy [ 52 ]. The alternative 
approach to blocking ER signaling is the use of inhibitors of aromatase, a rate-lim-
iting enzyme in the conversion of androgens such as testosterone and androstenedi-
one into estrogens. However, breast cancer resistance to aromatase inhibitors (e.g., 
letrozole) arises concurrently with overexpression of miR-128a and miR-181a or 
downregulation of miR-125b and let-7c. Letrozole treatment also increases expres-
sion of let-7f, which downregulates aromatase, thereby desensitizing breast cancer 
cells to subsequent letrozole treatment [ 53 ]. In terms of cancer resistance to antian-
drogen therapy, miR-616 induces androgen-independent growth of prostate cancer 
cells by suppressing expression of tissue factor pathway inhibitor 2 (TFPI-2), 
thereby contributing to drug resistance of prostate cancers [ 54 ]. In addition, two 
lncRNAs, PRNCR1 (also known as PCAT8) and PCGEM1, can bind and cooperate 
with ARs to transcriptionally activate target genes independently of ligand engage-
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ment, resulting in prostate cancer resistance to castration or antiandrogen therapy 
[ 55 ]. As a miRNA that mediates androgen-dependent growth of prostate cancer 
cells, miR-21 is also suffi cient to induce castration resistance of prostate cancers 
[ 56 ]. Taken together, these observations show that ncRNAs play diverse roles in 
conferring or counteracting resistance to antihormone therapy of cancers by modu-
lating sex steroid pathways or coordinated signaling involved in cancer 
progression.   

10.4.3     Key Transcriptional Factors 

 Oncogenic and differentiation-determining transcriptional factors may promote 
cancer progression and drug resistance following activation by upstream signals or 
acquisition of constitutive activity upon mutation [ 57 ]. The oncoprotein c-Myc is 
overexpressed in various malignancies and is correlated with poor outcomes of rou-
tine clinical therapies. In non-Hodgkin B-cell lymphoma, stromal adhesion pro-
motes cell survival and imparts resistance to cytotoxic drugs like mitoxantrone via 
an amplifi cation loop in which c-Myc induces epigenetic silencing of miR-548m 
and subsequently increases the expression of the miR-548m targets c-Myc and 
HDAC6 [ 58 ]. Numerous other transcriptional factors that expedite drug resistance 
are also regulated by miRNAs. For instance, glioma cells acquire chemoresistance 
as a result of inhibitor of differentiation 4 (ID4) depression of miR-9-mediated sup-
pression of Sox2 [ 59 ]. Downregulation of transcriptional factors that drive differen-
tiation also underlies cancer resistance to clinical therapeutics, as exemplifi ed by 
forkhead box O3a (FOXO3a), which is targeted and silenced by miR-153, thus 
attenuating platinum-induced apoptosis of colorectal cancers [ 60 ]. Therefore, tran-
scription factors, which can both be regulated by miRNAs and dictate the expres-
sion of specifi c miRNAs, may play distinct roles in therapeutic resistance, depending 
on the repertoires of their transcriptional targets.  

10.4.4     Cell Cycle Progression 

 Cell proliferation requires continuous entry into and progression of the cell cycle, 
which is divided into different phases with checkpoints controlled by numerous fac-
tors [ 61 ]. Although anticancer therapeutics may trigger cell cycle arrest through intra-
cellular signaling, refractory subsets of malignant cells can develop miRNA- mediated 
regulatory mechanisms that facilitate cell cycle progression. Pouliot et al. have found 
that miR-155 and miR-15 improve the sensitivity of epidermoid carcinoma cells to 
cisplatin by targeting and repressing the cell cycle kinases WEE1 and CHK1 [ 62 ]. 
Salerno et al. have found in a mouse model of chronic lymphocytic leukemia (CLL) 
that exogenous miR-15a and miR-16-1, which target cyclin D1, improve the responses 
of cells to nutlin, a mouse double minute 2 (MDM2) antagonist, and genistein, a 
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tyrosine kinase inhibitor [ 63 ]. MiR-122 sensitizes HCC to doxorubicin by modulat-
ing cyclin G1, thereby infl uencing p53 protein stability and transcriptional activity 
[ 64 ]. Thus, ncRNAs may contribute to the etiology of cancer drug resistance by gov-
erning cell cycle progression in the context of various clinical treatments.  

10.4.5     Apoptotic Machinery 

 Both ontogenesis of the organism and maintenance of tissue homeostasis involve 
the removal of senescent or aberrant cells through programmed cell death [ 65 ]. In 
contrast to necrosis, which occurs under stressful conditions like tissue injury, apop-
tosis represents the most common pattern of physiological cell death. Inadequate 
apoptosis underlies carcinogenesis in multiple tissues, and desensitization of cells 
to chemotherapy- or radiotherapy-triggered apoptosis accounts for therapeutic 
resistance of a variety of clinical cancers [ 65 ]. The apoptotic machinery consists of 
two major pathways:

    1.    In the extrinsic pathway, extracellular ligands such as Fas ligand, tumor necrosis 
factor-α (TNF-α), and TRAIL bind to and trigger the oligomerization and activa-
tion of death receptors such as Fas, TNFR, and death receptor 4 (DR4). Signaling 
from these receptors leads in turn to the sequential processing and activation of 
initiator and effector caspases and ultimately to widespread degradation proteins 
and the collapse of the entire cell.   

   2.    The intrinsic pathway, which senses intracellular stress signals like DNA dam-
age, causes permeabilization of the   mitochondria     and release of   cytochrome c     
into the   cytoplasm    , thereby initiating activation of the caspase cascade via cas-
pase- 9. Bcl-2 family members fi ne-tune apoptotic signaling via pore formation 
on the mitochondrial membrane and reciprocal interactions to determine the fate 
of individual cells. In addition, negative regulators of apoptosis such as the inhib-
itors of apoptosis (IAP) and FLICE-inhibitory protein (FLIP) impede caspase 
activation in the context of various apoptotic signals [ 65 ]. The aforementioned 
apoptosis executioners and regulators, which play critical roles in determining 
responses to cytotoxic therapeutics, can be targeted by ncRNAs in various types 
of malignancies. In particular, the sensitivity of osteosarcoma cells to FasL is 
regulated by miR-20a, which targets the death receptor Fas [ 66 ]. In cholangio-
carcinoma, miR-25 is upregulated by Hedgehog signaling, which desensitizes 
neoplastic cells to TRAIL-induced apoptosis by targeting DR4 [ 67 ]. In addition, 
miR-21 silencing also exerts synergistic cytotoxicity with TRAIL in gliomas 
[ 68 ]. Conversely, miR-212 increases TRAIL sensitivity in non-small cell lung 
cancer by targeting the antiapoptotic protein PED/PEA-15 [ 69 ].    

  The cancer response to cytotoxic therapeutics also involves intrinsic apoptotic 
signaling, which is likewise regulated by ncRNAs. A natural product, oridonin, 
increases the sensitivity of leukemia to chemotherapy by downregulating miR-17 
and miR-20a and thus restoring expression of their common target, the S variant of 
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BIM, resulting in promotion of mitochondrial apoptotic signaling [ 70 ]. STAT3 sig-
naling maintains the expression of miR-17 and suppresses its target BIM, thereby 
conferring MEK inhibitor resistance on lung cancers, suggesting the cooperative 
antitumor potential of STAT3 and MEK inhibitors [ 71 ]. Signaling from chemokine 
receptor CXCR4 in acute myeloid leukemia (AML) cells downregulates let-7a 
through the transcription factor Yin Yang 1, resulting in chemoresistance due to 
increased expression of let-7a targets such as Bcl-xL [ 72 ]. Lam et al. have identifi ed 
miRNA modulators of colorectal cancer responsiveness to the Bcl-2 inhibitor ABT- 
263 (navitoclax) and found that a majority of these miRNAs sensitize neoplastic 
cells by downregulating the pro-survival Bcl-2 family member Mcl-1 [ 73 ]. Hepatitis 
C virus increases HCC sensitivity to sorafenib via miR-193b targeting of Mcl-1, 
thereby promoting apoptosis of HCC cells [ 74 ]. These fi ndings suggest that modu-
lation of apoptotic signaling by ncRNAs causes altered responses to clinical 
therapeutics.  

10.4.6     Genotoxic Stress 

 Although cells have evolved machinery for comprehensive genome surveillance 
and DNA repair, defi ciencies in these machineries (or, alternatively, severe DNA 
injury) may prevent restoration of genomic homeostasis [ 75 ]. From the standpoint 
of the tumor cell, DNA abnormalities are a double-edged sword. On one hand, 
genomic DNA instability and mutation are the key drivers of carcinogenesis: activa-
tion of oncogenes or dysfunction of tumor suppressors elicits uncontrolled mitosis 
and apoptosis resistance, explaining the intimate relationship between DNA repair 
defects and tumorigenesis. On the other hand, irreparable DNA damage triggers cell 
death to maintain the purity of the genetic material, providing the rationale for radi-
ation therapy and the large proportion of chemotherapeutic drugs that kill cells by 
extensively damaging the DNA [ 75 ]. The types of DNA damage include undesired 
modifi cation or mismatch of bases, single-strand damage, and double-strand break 
(DSB). Sensors of DNA damage establish checkpoints prior to the initiation of 
DNA repair. Once activated by damaged DNA, these checkpoints halt the cell cycle 
and give the cell time to repair the damage. Checkpoint activation is controlled by 
two master   kinases    , ataxia telangiectasia mutated (  ATM    ) and ataxia telangiectasia 
and Rad3 related (  ATR    ), which   phosphorylate     downstream targets in a   signal trans-
duction     cascade and eventually induce cell cycle arrest [ 76 ]. In addition, checkpoint 
mediator proteins including   BRCA1    ,   MDC1    , and   53BP1     are required for transmis-
sion of the checkpoint activation signal to downstream proteins. miRNAs are 
involved in these processes. MiR-205 inhibits DNA damage repair by targeting zinc 
fi nger E-box-binding homeobox 1 (ZEB1) and the ubiquitin-conjugating enzyme 
Ubc13, thus acting as a tumor radiosensitizer by targeting the DNA repair machin-
ery [ 77 ]. Notably, however, radiotherapy downregulates miR-205 through ATM and 
ZEB1 in breast cancer. In NSCLCs, miR-181a and miR-630 promote and reduce 
cisplatin-triggered cell death, respectively, in the former case via regulation of the 
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intrinsic apoptotic pathway and in the latter case via miR-630-mediated blockade of 
early manifestations of the DNA damage response such as activation of ATM [ 78 ]. 

 As a type of severe DNA damage, DSBs can be repaired via three mechanisms: 
  nonhomologous end joining     (NHEJ),   microhomology-mediated end joining     
(MMEJ), and   homologous recombination     (HR) [ 76 ]. Poly ADP ribose polymerase 
1 (PARP1) plays crucial roles in DNA repair by preventing the development of 
DSBs from single-strand breaks and by participating in the MMEJ repair of DSBs. 
Because MMEJ is an error-prone repair pathway, PARP1 overexpression has been 
detected in various malignancies and therapy-resistant cancer cells. The lncRNA 
PCAT1 sensitizes prostate cancers to genotoxic drugs, e.g., inhibitors of PARP1, by 
posttranscriptionally repressing the DSB repair protein BRCA2 [ 79 ]. Although 
miR-223 supports the aggressive phenotype of esophageal adenocarcinomas, it also 
improves the response of malignant cells to genotoxic drugs by directly targeting 
PARP1 [ 80 ]. RAD51 is critically involved in   HR     of DNA during DSB repair. DNA 
repair in malignant cells is also attenuated by miR-96, which targets RAD51 and the 
trans-lesion synthesis DNA polymerase REV1, increasing the sensitivity of cancers 
to the interstrand cross-linking drug cisplatin and PARP1 inhibitors [ 81 ]. 

 The tumor-suppressor p53 responds to diverse cellular stresses to regulate 
expression of target genes, thereby inducing cell cycle arrest, apoptosis, senescence, 
or metabolic changes. Most importantly, p53 serves as a guardian of the genome by 
coupling DNA damage to the cellular DNA repair machinery or to apoptotic cell 
death when repair fails [ 82 ]. In p53-defi cient cancers, the functional balance and 
cross talk between p73, which mediates chemosensitivity, and p63, which promotes 
cell survival, proliferation, and cell survival, are crucial for cancer progression. This 
phenomenon is at least partially mediated by miRNAs, such as miR-193a-5p, which 
targets p73, and is itself regulated by both p63 and p73. Chemotherapy causes p63/
p73-dependent induction of this miRNA, thereby inducing chemoresistance due to 
miRNA-mediated feedback inhibition of p73 [ 83 ]. In liver tumor-initiating cells, 
miR-130b maintains cell growth, self-renewal, and chemotherapy resistance by tar-
geting tumor protein 53-induced nuclear protein 1 (TP53INP1) [ 84 ]. Cisplatin- 
induced apoptosis of testicular cancer cells is counteracted by cytoplasmic p21 WAF1/

CIP1 , a p53 target that accumulates due to reduced Oct4 transactivation of miR-106b 
and miR-17-5p [ 85 ]. Collectively, ncRNAs are strongly implicated in the regulation 
of susceptibility to cancer therapeutics that elicit genotoxic stress.  

10.4.7     Oxidative Stress 

 Cells produce ROS during the course of normal metabolism and eliminate them via 
various mechanisms [ 86 ]. Oxidative stress arises from a dynamic imbalance 
between the systemic manifestation of   ROS     and a biological system’s ability to 
detoxify these reactive intermediates [ 86 ]. Although severe oxidative stress is cyto-
toxic, oxidative stress underlies carcinogenesis, and the insusceptibility of carci-
noma cells to oxidative stress leads to drug resistance [ 87 ]. The physiological 
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ROS-scavenging systems include intracellular antioxidants such as glutathione and 
a variety of antioxidant enzymes such as superoxide dismutase (SOD). Meanwhile, 
the transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) is a master 
regulator of the body’s antioxidant response: Nrf2 is activated by different sensors 
of redox status and constitutively degraded by the key regulator Kelch-like ECH- 
associated protein 1 (KEAP1). Activated Nrf2 binds to the antioxidant response 
element (ARE) and switches on expression of a wide range of detoxifi cation or 
stress-response genes [ 87 ]. These machineries, which are implicated in cell detoxi-
fi cation and therapeutic resistance, are also targeted by ncRNAs. Drayton et al. have 
found that miR-27a improves the responsiveness of bladder cancers to cisplatin by 
targeting the cystine/glutamate exchanger SLC7A11, thereby disrupting glutathione 
biosynthesis [ 88 ]. In addition, histone deacetylase inhibition can overcome lung 
cancer resistance to polyamines by upregulating miR-200c, which in turn upregu-
lates Nrf2-mediated transcription of the polyamine catabolic enzyme spermidine/
spermine N(1)-acetyltransferase (SSAT) by directly targeting KEAP1 [ 89 ].  

10.4.8     Malignant Phenotypes: Cancer Stem Cells (CSCs), 
Autophagy, and Epithelial–Mesenchymal Transition 
(EMT) 

 According to the CSC theory, cancers are initiated and maintained by a small subset 
of stem-like or cancer-initiating cells that are capable of self-renewal and differen-
tiation into other populations of the tumor mass [ 41 ]. CSCs are also the primary 
cause of distal metastasis and therapeutic resistance. The properties and behaviors 
of this specifi c subset of cancer cells are regulated by miRNAs, a topic that is 
beyond the scope of this chapter [ 41 ]. In addition, expression of the lncRNA 
X-inactive specifi c transcript (XIST) is a biomarker that predicts the response of 
breast cancer to HDAC inhibitors, although the underlying mechanisms remain to 
be elucidated [ 90 ]. 

 Cancer cells undergo the EMT to acquire the migratory and invasive properties 
required for metastasis. In addition, the EMT plays a vital role in acquisition of 
resistance to anticancer therapeutics [ 91 ]. As a master regulator of the EMT, TGF-β 
signaling plays essential roles in regulating malignant phenotypes, e.g., drug resis-
tance, of various cancers. MiR-200 family members, especially miR-200c, are 
downregulated in various cancers that are refractory to chemotherapy or treatment 
with TKIs or monoclonal antibodies [ 92 ,  93 ]. This phenomenon is intimately related 
to miR-200c regulation of TGF-β signaling and the EMT via targeting of the tran-
scription factors ZEB1 and ZNF217 and mesenchymal genes such as FN1, NTRK2, 
and QKI [ 94 – 97 ]. MiR-200 also inhibits EGFR-independent cell growth by target-
ing MIG6, thereby conferring resistance to EGFR-targeted therapeutics [ 92 ,  94 ]. In 
lung adenocarcinomas, the miR-134/487b/655 cluster regulates TGF-β-induced 
EMT and drug resistance to gefi tinib by targeting MAGI2, a scaffold protein 
required for PTEN stabilization [ 98 ]. MiR-34a sensitizes head and neck cancers to 
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EGFR TKIs by targeting the protein tyrosine kinase receptor Axl and repressing the 
EMT [ 99 ]. MiR-30c antagonizes breast cancer chemoresistance by targeting the 
EMT-related cytoskeleton proteins actin-binding protein twinfi lin 1 (TWF1) and 
vimentin. In addition to mediating the EMT, TWF1 also desensitizes cancer cells to 
chemotherapy by promoting IL-11 production [ 100 ]. 

 Autophagy is an intracellular process of macromolecule and organelle recycling 
or turnover. Targeted   cytoplasmic     constituents are isolated within a double- 
membraned vesicle known as an   autophagosome    , which subsequently fuses with a 
lysosome, where the cargo is degraded [ 101 ]. Autophagy enables cells to survive 
stress from the external environment, such as nutrient deprivation, and also allows 
them to withstand internal stresses like accumulation of damaged organelles and 
invasion by pathogens. Moreover, autophagy can cause programmed cell death, 
depending on the cell type and the context of intracellular signaling [ 101 ]. 
Autophagy maintains cellular homeostasis and prevents early transformation of 
cells by eliminating superfl uous or damaged proteins, enhancing host defense 
against pathogens and circumventing precancerous chronic tissue damage; by con-
trast, after the onset of cancer, autophagy facilitates tumor progression, including 
the development of therapeutic resistance [ 101 ]. In this regard, miR-23b sensitizes 
pancreatic cancers to radiotherapy by targeting ATG12 and blocking radiation- 
initiated cell-protective autophagy [ 102 ]. However, it remains unclear to what extent 
the various ncRNAs responsible for the regulation of autophagy are involved in 
therapeutic resistance of cancers.   

10.5     Drug Accessibility Regulated by ncRNA in Cancer 
Treatment 

 The cytotoxicity of anticancer drugs can be diminished by limiting the access of 
pharmaceutical molecules to malignant cells. This can occur when cancer cells 
develop mechanisms to pump out drugs via transporter proteins on the cell mem-
brane or when cells manage to shield target proteins from drug engagement. Both 
paradigms are regulated by ncRNAs [ 14 ] (see Fig.  10.2 ). The detailed miRNA- 
mediated regulation of ABC transporters has been reviewed elsewhere [ 103 ].

10.5.1       Drug Export 

 Eukaryotes express a class of transporter proteins on the cell membrane that pump 
out xenobiotics, toxins, and drugs from inside the cell. The effl ux of cytotoxic drugs 
decreases intracellular drug concentrations and represents a common mechanism by 
which neoplastic cells acquire resistance to anticancer drugs [ 104 ]. 
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10.5.1.1     ATP-Binding Cassette (ABC) Transporters 

 ABC transporters, a group of active transporter proteins ubiquitously expressed by 
mammalian cells, hydrolyze ATP to ADP and use the energy to drive the effl ux of 
intracellular substrates against a concentration gradient. The 48 members of the 
ABC transporter family identifi ed to date have been divided into seven subfamilies: 
ABCA through ABCG. ABC transporter proteins are composed of two nucleotide- 
binding domains (NBDs) and two transmembrane domains (TMDs) [ 105 ]. The 
classifi cation is based on the sequence of the NBDs, also known as ABC domains, 
which are mainly involved in hydrolyzing ATP, binding physiological and xenobi-
otic substrates, and extruding them out of the cell. The majority of ABC transporters 
are full or complete transporters, although some (e.g., the ABCG subfamily) are 
half transporters that contain only one NBD and TMD per protein [ 105 ]. Two NBDs 
are required for normal transporter activity, consistent with the observation that 
ABCB1 (P-gp or MDR1) hydrolyzes two ATPs in a stepwise process during drug 
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  Fig. 10.2    ncRNAs regulate therapeutic accessibility and pharmacokinetics of drugs, as well as the 
cancer microenvironment. Cancer cells develop autonomous resistance to therapeutics or antican-
cer drugs by reducing therapeutic/drug accessibility. In addition, the systemic absorbance and 
biological transformation of anticancer drugs, as well as the microenvironment, which may be 
educated by cancer cells or modulated by the therapeutics, infl uence therapeutic outcomes. A wide 
range of genes involved in these machineries are candidate targets of ncRNAs, which include (I) 
intracellular mechanisms that downregulate drug-targeted proteins, (II) mutations that lower target 
protein affi nity to the drug, and (III) molecules that shield drug-binding sites on the target protein       
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traffi cking. The hydrolysis of the fi rst ATP structurally modifi es the TMDs by fl ip-
ping the inner leaf to the outer side of the cell membrane, resulting in effl ux of the 
drug from the cell. The hydrolysis of the second ATP restores the structure of the 
transporter to its original high-affi nity state [ 105 ]. 

 ABC transporters are responsible for outward transportation of xenobiotics and 
numerous agents including amino acids, cholesterol and its derivatives, carbohy-
drates, vitamins, peptides, lipids, certain important proteins, hydrophobic drugs, 
and antibiotics [ 105 ]. Given their capability to potentiate effl ux of anticancer agents, 
ABC transporters play a pivotal role in conferring resistance to chemotherapeutic 
and molecular targeted drugs on neoplastic cells. However, depending on their indi-
vidual structures, different members of the ABC transporters are involved in the 
effl ux of different tumoricidal drugs. ABC drug transporters increase the effl ux of 
their substrates (e.g., anticancer agents), thereby reducing the intracellular concen-
tration of drugs and resulting in an MDR phenotype [ 105 ]. Meanwhile, the expres-
sion of ABC transporters is regulated in neoplastic cells through multiple 
mechanisms, including posttranscriptional silencing by ncRNAs. Borel et al. have 
identifi ed 13 miRNAs that regulate the ABC transporter family in HCCs. 
Deregulation of these miRNAs contributed to signifi cant upregulation of drug effl ux 
pumps and MDR of HCCs [ 106 ]. Jaiswal et al. have found that multidrug resistance 
(MDR) can be transferred intercellularly by delivery of the transcripts and regula-
tory miRNAs of drug effl ux proteins, including ABC transporters, via microparti-
cles derived from membrane budding, thereby “retemplating” the transcriptional 
landscape of recipient cells from MDR donor cells to drug-sensitive recipient cells 
[ 107 ]. 

   ABCB1 

 ABCB1/P-glycoprotein (P-gp/MDR1) is a 160–170 kDa protein encoded by the 
 MDR1  gene. As an apical membrane transporter localized in cells of the kidney, 
placenta, liver, adrenal glands, intestine, and blood-brain barrier, ABCB1 transports 
xenobiotics and cellular toxicants not only out of the cell but also into the urine and 
bile, thereby facilitating their excretion from the body. ABCB1 overexpression con-
fers resistance to a variety of anticancer compounds like vinblastine (VLB), vincris-
tine (VCR), paclitaxel (PTX), and colchicine (COL). ABCB1 also imparts TKI 
resistance to carcinoma cells [ 108 ]. Kovalchuk et al. have found that miR-451 
antagonizes chemoresistance of the breast cancer cell line, MCF-7, by directly tar-
geting ABCB1 [ 109 ]. The H19 mRNA, which is encoded by the imprinted  H19  
gene and is thought to function as an RNA component of the ribonucleoprotein, is 
expressed at signifi cantly higher levels in breast, lung, or hepatocellular cancer cells 
refractory to chemotherapeutic drugs like doxorubicin. H19 is implicated in ABCB1 
expression through the control of promoter methylation [ 110 ,  111 ].  
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   ABCCs 

 The ABCC/multidrug resistance protein (MRP) family can be further subdivided 
into three groups: long ABCCs such as ABCC1 (MRP1), ABCC2 (MRP2), ABCC3 
(MRP3), ABCC6 (MRP6), and ABCC10 (MRP7); short ABCCs such as ABCC4 
(MRP4), ABCC5 (MRP5), ABCC11 (MRP8), and ABCC12 (MRP9); and ABCC7 
to ABCC9, which are components of ion channels rather than transporters. These 
ABCCs are critical mediators of drug resistance arising in various types of carcino-
mas [ 108 ]. In particular, ABCC1 overexpression correlates with doxorubicin resis-
tance of leukemia and lung cancer, whereas ABCC10 expression confers resistance 
to various anticancer drugs including docetaxel, PTX, VCR, VLB, cytarabine, gem-
citabine, 2ʹ,3ʹ-dideoxycytidine, 9-(2-phosphonyl-methoxyethyl) adenine (PMEA), 
and epothilone B. Both ABCC1 and ABCC2 increase the effl ux of TKIs such as 
imatinib and sorafenib, whereas imatinib exposure causes further upregulation of 
ABCC1, thus conferring TKI resistance on various malignancies [ 108 ]. All of these 
ABCCs have been verifi ed as targets of miRNAs [ 103 ].  

   ABCG2 

 ABCG2 is also known as breast cancer resistance protein (BCRP), mitoxantrone 
resistance protein (MXR), or ABC transporter expressed in placenta (ABCP) [ 108 ]. 
As a half transporter with one TMD and one NBD, it must homodimerize or oligo-
merize with other transporters to exhibit transporter activity and mediate 
MDR. ABCG2 is expressed in the placenta, small intestines, colon, liver, and blood 
vessels, where it protects cells or tissues against toxins and xenobiotics. ABCG2 
also transports organic anion conjugates, nucleoside analogs, organic dyes, TKIs, 
anthracyclines, and topoisomerase I inhibitors and is responsible for cancer resis-
tance to mitoxantrone (MX) and doxorubicin (DX). In addition, mutations of 
ABCG2 may result in signifi cant conformational changes and alter the drug-binding 
and effl ux capacity of the transporter [ 108 ]. By demonstrating that two miRNAs, 
miR-519c and miR-520h, target ABCG2, To et al. have demonstrated that the acqui-
sition of MX resistance in various cancers can be attributed to the shortening of the 
ABCG2 3ʹ UTR, resulting in loss of miRNA binding sites or sequestering of the 
miRNA by highly expressed ABCG2 mRNA [ 112 ].   

10.5.1.2     Nucleoside Transporter (NT) Proteins 

 NTs are integral membrane proteins involved in the salvage of natural nucleobases 
and nucleosides involved in nucleic acid synthesis [ 113 ]. They belong to solute car-
rier families 28 and 29 (SLC28 and SLC29), which encode human concentrative 
NTs (hCNTs) and equilibrative NT proteins (hENTs), respectively. Localized on 
the apical membrane of polarized epithelia, these NTs are required for uptake of 
numerous nucleoside and nucleobase analogs currently used for treatment of 
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cancers and viral infections and are therefore determinants of drug action. hCNTs 
prompt the infl ux of nucleoside drugs coupled to the infl ux of sodium ions [ 113 ]. 
Different members of the SLC28 gene family exhibit preferences for pyrimidine or 
purine nucleosides and their derivatives as substrates, as exemplifi ed by hCNT1, a 
high-affi nity pyrimidine nucleoside transporter involved in intracellular delivery of 
chemotherapeutics such as gemcitabine. Similarly, hENT family members are 
responsible for transport of natural nucleosides and nucleoside-derived drugs. 
SLC22, which encodes human organic cation transporters (hOCTs) and organic 
anion transporters (hOATs), plays a predominant role in the uptake of nucleoside- 
derived drugs with specifi c structural variations, e.g., lack of 3ʹ-OH [ 113 ]. Among 
the growing number of ncRNAs known to modulate the expression of NTs, several 
miRNAs including miR-122, miR-214, miR-339-3p, and miR-650 target hCNT1/
SLC28A1, suggesting that these ncRNAs are involved in acquisition of chemoresis-
tance by pancreatic cancers [ 114 ].   

10.5.2     Blockade of Drug–Target Interactions 

 The therapeutic effi cacy of anticancer drugs relies on effi cient drug–target interac-
tions. Consequently, cancer cells have developed various mechanisms to suppress 
drug binding to target proteins [ 115 ,  116 ]. For instance, a well-documented muta-
tion (T790M) in the kinase domain of EGFR dramatically decreases the receptor’s 
affi nity for TKIs, thereby imparting resistance to these drugs [ 115 ]. Acquisition of 
resistance to trastuzumab occurs in a subset of HER2-positive breast cancer cells 
expressing mucin 1 or mucin 4. In addition to promoting cell invasion and enhanc-
ing HER2–HER3 signaling, these  O -glycosylated transmembrane proteins interfere 
with trastuzumab targeting by masking the antibody-binding epitope of HER2 
[ 116 ]. These situations can be ameliorated by miRNA-mediated suppression of the 
mucin proteins [ 117 ,  118 ]. Meanwhile, although miRNAs targeting HER family 
oncogenes can impair the onset of malignancies, they can also facilitate growth 
factor-independent cancer progression and resistance of advanced tumors to thera-
pies targeting these cancer drivers [ 119 ]. In addition, Boni et al. have found that 
miR-192 and miR-215 directly repress thymidylate synthase (TYMS), thereby 
imparting resistance to TYMS-targeted chemotherapeutic agents such as 
5- fl uorouracil (5-FU) in gastrointestinal cancers [ 120 ].   

10.6     Drug Pharmacokinetics Controlled by ncRNAs 

 The tumor-inhibitory potency of a chemical drug is determined by drug pharmaco-
kinetics and metabolism, which together control the time the drug is retained in 
tumor tissue [ 121 ]. It is worth noting that the aforementioned ABC transporters and 
nucleoside transporter proteins play vital roles in regulating the pharmacokinetics 
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of tumoricidal drugs. Moreover, these transporters are not expressed exclusively by 
malignant cells, but are ubiquitously present in the intestine, kidney, liver, and 
blood-brain barrier, which determine the absorption, in vivo distribution, and renal 
or hepatic processing of drugs [ 108 ,  121 ] (see Fig.  10.2 ). 

 Upon exerting a cytotoxic role in the desired tissue, a drug may undergo bio-
transformation prior to excretion. Consequently, the key enzymes responsible for 
inactivation of anticancer compounds dictate the half-life and persistence of drugs 
[ 121 ]. In particular, miR-27a and miR-27b sensitize malignant cells to 5-FU by 
targeting and repressing dihydropyrimidine dehydrogenase (DPD), a key uracil 
catabolic enzyme responsible for conversion of 5-FU to the inactive metabolite 
5-dihydrofl uorouracil [ 122 ]. Persson et al. have found that RNAs in the vault parti-
cle, a conserved organelle, are implicated in multidrug resistance of malignant cells. 
One of these so-called small vault RNAs (svRNAs), svRNAb, negatively regulates 
the expression of CYP3A4, which encodes a cytochrome P450 enzyme crucially 
involved in the metabolism of many chemotherapeutic compounds and almost 60 % 
of all marketed drugs [ 123 ].  

10.7     Drug-Refractory Cancer Microenvironment Modulated 
by Noncoding RNAs 

 Numerous cutting-edge studies highlight the role of the microenvironment on the 
development, progression, and therapeutic responsiveness of cancers [ 124 ]. In the-
ory, the tumor-suppressive effi cacy of therapeutics represents the combined out-
come of direct cytotoxicity to neoplastic cells and the modulation of the tumor 
microenvironment by the drug [ 125 ] (see Fig.  10.2 ). The microenvironment 
includes the extracellular matrix (ECM), stromal fi broblasts, immune cells, and 
blood vessels supplying solid tumors, all of which affect cancer progression via 
direct cell–cell contact or secretion of diverse factors [ 124 ,  125 ]. Cells in the micro-
environment are extremely important for the tumor-inhibitory action of monoclonal 
antibodies, which in addition to their cancer cell-autonomous mechanisms elicit 
antitumor immunity [ 125 ]. This is exemplifi ed by miR-27a/miR-27b, which effi -
ciently induces the transformation of normal fi broblasts into cancer-associated 
fi broblasts (CAF), as evidenced by induction of α-smooth muscle actin (α-SMA) 
expression and TGF-β production, thereby conferring cisplatin resistance of esoph-
ageal cancers [ 126 ]. In addition, attenuated miR-142-3p suppression of the ecto-
nucleoside triphosphate diphosphohydrolase CD39 leads to a reduction of ATP 
levels in regulatory T (Treg) cells relative to those in conventional T cells, explain-
ing the vulnerability of Tregs to low-dose cyclophosphamide. This observation has 
implications for overcoming immune tolerance to carcinomas receiving chemo-
therapy [ 127 ].  
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10.8     Complicated Solo Performance: Combined 
Versus Unknown Targets 

 Regulation of gene expression by ncRNAs is characterized by the ability of indi-
vidual ncRNAs, e.g., miRNAs, to simultaneously target multiple mRNAs. 
Conversely, a given transcript can be concurrently inhibited by several miRNAs 
[ 128 ]. In this regard, a growing number of miRNAs have been determined to target 
various genes that synergistically regulate sensitivity to therapeutics. For example, 
miR-128 downregulation accounts for drug resistance of breast cancer-initiating 
cells, because it directly targets both the stem cell transcriptional factor Bmi-1 and 
the ABC transporter ABCC5 [ 129 ].   Giovannetti     et al. have demonstrated that miR- 
21- mediated gemcitabine resistance in pancreatic ductal adenocarcinoma (PDAC) 
can be attributed to the modulation of apoptosis, Akt phosphorylation, and expres-
sion of genes involved in invasive behavior [ 130 ]. Using a genome-wide screening 
approach, Ziliak et al. have identifi ed an SNP (rs1649942) that signifi cantly affects 
platinum sensitivity. They attributed this effect to changes in the miRNA profi le and 
specifi cally to altered expression of miR-193b, which targeted a set of platinum- 
associated genes including CRIM1, IFIT2, OAS1, KCNMA1, and GRAMD1B 
[ 131 ]. MiR-301 mediates various malignant phenotypes of breast cancers, including 
tamoxifen resistance, through multiple targets including FOXF2, BBC3, PTEN, and 
COL2A1 [ 132 ]. Alternatively, a single ncRNA involved in therapeutic resistance 
may regulate several pathways by targeting a multifunctional gene. In this regard, 
Eto et al. have found that miR-223 is highly expressed in trastuzumab-resistant 
gastric cancers. MiR-223 directly targeted F-box and WD repeat domain-containing 
7 (FBXW7), the substrate recognition component of an evolutionarily conserved 
SCF (complex of SKP1, CUL1, and F-box protein)-type ubiquitin ligase complex, 
thereby attenuating FBXW7-dependent degradation of oncoproteins including 
cyclin E, c-Myc, Notch, c-Jun, mTOR, and Mcl-1 [ 133 ]. These studies suggest that 
ncRNAs may play a more important role than protein-coding genes in determining 
the therapeutic responsiveness of cancers due to their ability to target multiple func-
tional genes. 

 The extensive roles of ncRNAs in the therapeutic resistance of cancers are far 
from completely elucidated. In addition to the numerous undefi ned targets of miR-
NAs that demarcate therapy-refractory cell subsets, many lncRNAs are believed to 
determine therapeutic responses via mechanisms yet to be characterized [ 14 ,  134 ]. 
For example, expression of the inactive XIST, a spliced noncoding polyadenylated 
RNA and the only transcript expressed exclusively from the inactive X  chromosome, 
correlates with high sensitivity to Taxol in ovarian cancers. However, its mode of 
action remains poorly understood [ 135 ]. Future breakthroughs in deciphering the 
characteristics of ncRNAs characters will provide novel functional annotations for 
these RNA species in the context of therapeutic resistance of cancers.  
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10.9     Strategies for Overcoming ncRNA-Mediated 
Therapeutic Resistance 

 The critical involvement of ncRNAs in regulating the therapeutic resistance of vari-
ous cancers warrants the development of strategies based on or targeting ncRNAs in 
order to reverse refractory phenotypes of carcinomas [ 15 ,  16 ]. First, ncRNAs can be 
directly manipulated to improve the sensitivity of cancers to specifi c therapeutics. 
ncRNAs or their antisense inhibitors (in particular, miRNAs and antagomirs) can be 
synthesized and introduced into cultured cells for therapeutic purposes or delivered 
in vivo through nonviral carriers such as liposomes or positively charged agents that 
encapsulate the RNAs in nanoparticles. Moreover, cancer-targeted delivery of small 
RNAs can be achieved via generation of an RNA delivery system using antibodies or 
ligands that recognize tumor-specifi c antigens or receptors [ 136 ]. ncRNAs such as 
miRNAs and their inhibitors can also be expressed from eukaryotic expression cas-
settes and then expressed ectopically in malignant cells via viral or nonviral delivery 
of the cassettes [ 136 ]. Second, ncRNA-regulated pathways can be targeted, providing 
important guidance for selection and optimization of combined medication or therapy 
[ 137 ]. Finally, ncRNAs can be used as biomarkers for drug responsiveness and for the 
relapse or prognosis of cancers after treatment targeting the drug-resistant cell popu-
lations [ 15 ,  16 ]. These strategies will be benefi cial to the development of adjuvant 
therapy and will potentially increase the effi cacy of routine cancer treatment.  

10.10     Future Perspectives 

 In light of the immense diversity of anticancer therapeutics per se and the paradigms 
by which they eliminate malignant cells, cancer cells need to evolve widely varied 
mechanisms to survive cytotoxic attacks. Recent studies have underscored the criti-
cal involvement of ncRNAs in regulating the therapeutic susceptibilities of different 
malignancies. Nevertheless, the full regulatory network underlying therapeutic 
resistance of cancers (e.g., the ways in which therapeutics exert selective pressure 
for or even fuel the development of the molecular machineries of therapeutic resis-
tance, presumably via ncRNAs), the hierarchy of regulators (including multiple 
ncRNAs) involved in drug resistance, and the roles of ncRNAs in mediating cross 
talk between various drug resistance pathways remain to be fully understood. 
Except for the regulation of drug transport or metabolism, the roles most ncRNAs 
play in therapeutic resistance are shared by those they conduct in regulating other 
malignant phenotypes of carcinomas. Therefore, future investigations should seek 
to demarcate these roles of ncRNAs for each type of malignancy. In addition, in the 
context of personalized medicine, it is desirable to determine the individual varia-
tions and underlying genetic discrepancies that govern the importance of particular 
ncRNAs in determining the therapeutic responses of different patient populations. 
Finally, in contrast to the substantial participation and defi nitive role of miRNAs in 
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regulating therapeutic sensitivity by posttranscriptionally silencing target genes, the 
contribution of most lncRNAs to drug resistance of cancers remains elusive. 
Moreover, the few lncRNAs so far shown to regulate the therapeutic response of 
cancers represent an incomplete repertoire of functional patterns. Despite the chal-
lenges scientists have encountered in this area, future studies will help to illustrate 
the roles of ncRNAs as key nodes of the regulatory network and precisely defi ne the 
landscape of molecules or signaling events involved in cancer therapeutic responses, 
ultimately yielding benefi cial outcomes by facilitating the development of ncRNA-
based interventions against therapeutic resistance of cancers.     
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    Chapter 11   
 Noncoding RNAs Regulating Cancer Signaling 
Network                     

     Jing     Hu    ,     Geoffrey     J.     Markowitz    , and     Xiaofan     Wang    

    Abstract     The cellular signaling network plays a fundamental role during develop-
ment and disease, especially cancer progression. By deregulating signaling path-
ways, cancer cells acquire hallmarks of the disease including uncontrolled 
proliferation, evasion from cell death, activation of angiogenesis, invasion, and 
metastasis. Noncoding RNAs make substantial contributions to regulating signal 
transduction in cancer, thereby promoting or suppressing different biological pro-
cesses during tumorigenesis. This chapter provides an overview on the regulatory 
functions of noncoding RNAs in the signaling network in cancer cells. It summa-
rizes examples of noncoding RNAs that act as oncogenes or tumor-suppressing 
genes involved in key signal pathways as well as signal crosstalk in cancer cells.  

  Keywords     MicroRNA   •   Noncoding RNA   •   Signal transduction   •   Cancer  

11.1       Introduction 

 The cellular signaling network, comprised of a variety of potent signaling pathways 
which interact and inform cell functionality, is highly conserved throughout evolu-
tion and tightly controlled in normal cells to instruct key biological processes for 
development and maintained homeostasis of both cell numbers and tissue functions. 
During neoplastic transformation and tumor progression, cancer cells acquire fun-
damental traits including sustained proliferative signaling, immortalized 
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replication, evasion from cellular senescence and cell death, induction of angiogen-
esis, and activation of invasion and metastasis. By hijacking and deregulating the 
signaling network, cancer cells obtain these hallmarks and become master of their 
own fates [ 1 ]. 

 Recent studies have revealed essential roles for microRNAs and other noncoding 
RNAs in regulating gene expression during development and disease, particularly 
during cancer progression. The multigene regulatory features of these noncoding 
RNAs enable them to remodel signaling pathways, facilitating or repressing signal 
transmission to downstream effectors in an effective and diverse manner. Table  11.1  
shows a representative, noncomprehensive list of microRNAs and noncoding RNAs 
that function as positive or negative regulators of key signaling pathways, thereby 
affecting tumorigenesis. This chapter provides an overview of the regulatory func-
tions of noncoding RNAs in the signaling network in cancer cells. It summarizes 
examples of noncoding RNAs that act as oncogenes or tumor-suppressing genes 
modulating signal transduction in cancer cells. Since Chaps.   12     and   13     will further 
describe the involvement of noncoding RNAs in NFκB, c-myc, and p53 signaling, 
this chapter focuses on the general role of noncoding RNAs in signal transduction, 
especially on signaling pathways other than NFκB, c-myc, and p53.

11.2        Receptor Tyrosine Kinase Signaling 

 Receptor tyrosine kinases (RTKs) are a subclass of cell-surface receptors of growth 
factors with an intrinsic tyrosine kinase activity which play crucial roles during 
development and disease progression, including tumorigenesis. The activation of 
RTK signaling is carefully controlled in normal cells, while aberrant expression or 
activation of RTKs in cancer cells triggers multiple signal cascades that regulate 
critical cellular processes, including cell proliferation, survival, metabolism, migra-
tion, and angiogenesis, consequently driving the transformation and progression of 
cancer. 

 Since the discovery of the fi rst RTK, epidermal growth-factor receptor (EGFR), 
more than 30 years ago, substantial advances have been made in characterizing 
other RTKs and their corresponding family members. There are 58 RTKs in humans, 
which share similar molecular structures: an extracellular ligand-binding domain, a 
transmembrane region, and a cytoplasmic region that contains a tyrosine kinase 
domain as well as additional regulatory domains. Upon binding to its specifi c 
ligands, RTKs dimerize, and the tyrosine kinase domain of the RTK becomes acti-
vated and phosphorylates tyrosines on downstream partners, thereby initiating key 
signaling cascades such as the Ras/Raf/ERK and PI3K/AKT pathways [ 2 ]. The 
RTK families, including EGFR, fi broblast growth-factor receptor (FGFR), platelet- 
derived growth factors (PDGFR), insulin-like growth-factor 1 receptor (IGF1R), 
hepatocyte growth-factor receptor (HGFR, MET), etc., are frequently mutated or 
abnormally expressed in different cancer types to promote the hallmarks of these 
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   Table 11.1    MicroRNAs targeting signaling components in cancer   

 microRNA/lncRNA  Target 
 Effects on 
tumorigenesis 

 Receptor tyrosine kinase 
 miR-7  EGFR  Suppression 
 miR-34  MET, PDGFR  Suppression 
 miR-143/145  IGF1R, ERBB3  Suppression 
 Ras/Raf/MEK/ERK pathway 
 miR-21  Spry2, Btg2, Pdcd4  Promotion 
 miR-370, miR-193b  NF1  Promotion 
 miR-124  Sos1  Suppression 
 let-7  HRas, KRas, NRas  Suppression 
 KRAS1P  KRas  Promotion 
 miR-524-5p  Braf, ERK2  Suppression 
 miR-7  Raf  Suppression 
 PI3K/AKT pathway 
 miR-126  p85β  Suppression 
 miR-7  p110δ, mTOR, p70S6K  Suppression 
 miR-21, miR-214, 
miR-221&222 

 PTEN  Promotion 

 PTENP1  PTEN  Suppression 
 PTENP1-AsRNA  PTEN  Promotion 
 miR-375  PDK1  Suppression 
 miR-184  AKT2  Suppression 
 miR-218  Rictor  Suppression 
 miR-205  PTEN, PHLPP2  Promotion 
 TGF-β signal pathway 
 miR-17/20a  TGFBR2  Promotion 
 miR-18a  SMAD2, SMAD4  Promotion 
 Mir-106b-25  SMAD7  Promotion 
 Wnt signal pathway 
 miR-34  WNT1, WNT3, LRP6, β-catenin, 

LEF1, Axin2 
 Suppression 

 miR-155, miR-106b  APC  Promotion 
 miR-222  DKK2  Promotion 
 Notch signal pathway 
 miR-34  Notch-1, Notch-2, Delta-like 1  Suppression 
 miR-146a  Numb  Promotion 
 Hedgehog signal pathway 
 mir-125b, miR-326  Smoothened  Suppression 
 miR-324-5p  Gli1  Suppression 
 miR-378  Sufu  Promotion 
 mir-212  ptch1  Promotion 
 Hippo signal pathway 

(continued)
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cancers [ 2 ]. For example, amplifi cation/mutation of EGFR is often involved in 
breast cancer, lung cancer, and glioma [ 3 ]. 

 A series of microRNAs have been revealed to function as important tumor sup-
pressors through targeting RTKs, thus altering the signaling output of downstream 
pathways. For instance, miR-7 has been reported to induce cell-cycle arrest and cell 
death through suppressing EGFR and the downstream AKT and ERK pathways in 
multiple cancer types. Notably, processing of miR-7 is decreased in glioblastoma 
cell lines and patient specimens, where there is an elevated level of EGFR, high-
lighting the tumor-suppressive role of miR-7 in this cancer by regulation of EGFR 
expression and signal activation [ 4 ,  5 ]. Similarly, miR-34 family members impair 
tumorigenesis and induce apoptosis via attenuating expression of MET and PDGFR 
in melanoma, lung cancer, and gastric cancer [ 6 – 8 ]. In addition, reduction of miR- 
143/miR-145 expression in cancer tissue leads to accumulated expression of IGF1R 
and ERBB3, thereby accelerating progression of colorectal cancer and breast cancer 
[ 9 ,  10 ]. Therefore, deregulated microRNAs that target RTKs serve as vital regula-
tors at the very fi rst stage of signaling triggered by RTKs in cancer.  

11.3     The Ras/Raf/MEK/ERK Signaling Pathway 

 The activity of the Ras/Raf/MEK/ERK signaling pathway is increased in approxi-
mately one third of human cancers [ 11 ]. Ligand-mediated activation of RTKs allows 
for GTP loading of the GTPase Ras, which activates the kinase Raf. Activated Raf 
proceeds to phosphorylate mitogen-activated protein-kinase kinase (MEK), which 
subsequently phosphorylates extracellular signal-regulated kinase (ERK), leading 
to transcription of genes that facilitate cell proliferation, migration, and metastasis. 
A series of microRNAs have been illustrated to target key components of this path-
way, resulting in deregulation of signaling and tumorigenesis. 

 Transmission of signal through the Ras/Raf/MEK pathway starts with the activa-
tion of Ras proteins, which are members of a large superfamily of GTP-binding 
proteins. The activity of Ras depends on whether it has bound GTP (active state, 
high affi nity for downstream effectors) or GDP (inactive state). The process of 
exchanging the bound nucleotide is catalyzed by guanine nucleotide exchange fac-
tors (GEFs) and GTPase-activating proteins (GAPs). Ras GEFs facilitate the 

Table 11.1 (continued)

 microRNA/lncRNA  Target 
 Effects on 
tumorigenesis 

 mir-135b  LATS2, β-TrCP, NDR2  Promotion 
 miR-375  YAP  Suppression 
 JAK-STAT signal pathway 
 mir-155  SOCS1  Promotion 
 miR-135a  JAK2  Suppression 
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 dissociation of GDP from Ras, allowing its binding of GTP to yield its activation. In 
response to upstream stimulation of RTKs, SOS1, one of the Ras GEFs, is recruited 
to the membrane through binding to the adaptor protein growth-factor-receptor- 
bound protein 2 (Grb2). As a consequence of the close proximity between SOS1 
and Ras, GTP loading of Ras is enhanced, resulting in activation of Ras. Conversely, 
Ras GAP proteins accelerate the hydrolysis of GTP by Ras to insure that Ras is 
rapidly inactivated after stimulation. Therefore, the balance between GEF and GAP 
activity determines the GTP status and thereby activity of Ras [ 12 ]. 

 A number of microRNAs serve as functional tumor suppressors and oncomirs 
via modulating activities of these Ras GEFs and GAPs. MiR-21 is one of the master 
oncomirs that is upregulated in multiple cancer types to enhance their progression. 
MiR-21 has been shown to promote colon cancer cell migration and growth via sup-
pressing sprouty 2 (Spry2), which is a negative regulator of Ras activity through 
impairing the recruitment of Grb2-SOS1 by RTKs [ 13 ,  14 ]. A separate report sug-
gests that miR-21 boosts cell-cycle progression in laryngeal carcinoma via targeting 
Btg2, which has been demonstrated to bind Ras and reduce its loading of GTP [ 15 , 
 16 ]. MiR-21 also promotes neoplastic transformation through targeting Pdcd4, a 
negative regulator of the transcription factor AP-1 that is induced by Ras signaling 
to promote cell proliferation and invasion [ 17 ,  18 ]. Consistently, using transgenic 
mouse models with overexpression or deletion of miR-21, Hatley and colleagues 
have elucidated that miR-21 mediates KRas-dependent lung tumorigenesis by tar-
geting Spry1, Spry2, Btg2, and PDCD4 together to promote Ras/MEK/ERK signal-
ing activity [ 19 ]. This observation also indicates a crucial role of miR-21 in 
facilitating tumorigenesis robustly through regulating multiple nodes in the Ras/
ERK pathway collectively, from initial activation to ultimate transcription stimula-
tion. Interestingly, expression of miR-21 is induced by Ras signal, acting in a posi-
tive feedback loop to boost the Ras pathway [ 19 ]. Besides the aforementioned 
factors, other GEFs and GAPs are affected by microRNAs as well. For instance, 
miR-370 and miR-193b have been identifi ed to promote acute myeloid leukemia 
and neck squamous cell carcinoma, respectively, by targeting NF1, a GAP which 
negatively regulates Ras activity and is frequently deleted in cancer [ 20 ,  21 ]. In 
contrast, miR-124 has been illustrated to suppress Sos1 and impair Ras signaling, 
thereby functioning as a tumor suppressor in glioblastoma [ 22 ]. 

 In addition to the GEFs/GAPs catalyzing the process of nucleotide exchange, 
Ras activity can be modulated by changes in the protein itself. Mutations of Ras 
genes are frequently observed in cancer, with 20 % of human tumors carrying acti-
vating point mutations in Ras which result in a constitutively activated GTP-bound 
form [ 12 ]. Ras gene amplifi cation and elevated expression are also common molec-
ular alterations in lung cancer, pancreatic cancer, and gastric cancer [ 23 – 25 ]. 
Expression of Ras proteins can also be regulated by miRNAs. For example, the let-7 
family of miRNAs serves as essential tumor suppressors that inhibit Ras expression 
and decrease cancer cell proliferation [ 26 – 29 ]. Johnson et al. have reported that 
KRas, HRas, and NRas harbor multiple binding sites complimentary to let-7 in their 
3’UTRs [ 26 ]. Importantly, expression of the let-7 family and Ras proteins is nega-
tively correlated, with lung cancer tissues demonstrating decreased let-7 expression 
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and elevated Ras expression compared to normal tissues [ 26 ]. An SNP in the let-7 
complementary site in the KRas 3’UTR, disrupting let-7’s regulation of KRas, has 
been further shown to increase the likelihood of non-small cell lung cancer [ 30 ]. In 
addition to miRNAs, long-noncoding RNAs (lncRNAs) can also serve as competing 
endogenous RNAs (ceRNAs) for KRas to regulate its expression. Poliseno et al. 
have identifi ed a long-noncoding pseudogene of KRas, KRAS1P, which contains 
regions highly homologous to KRas, with conserved seed sequence matches for 
KRas-targeting miRNAs in the 3’UTR. KRAS1P thereby exerts tumor-promoting 
functions by competition for microRNA binding and resultant regulation of KRas 
abundance. Poliseno et al. have also observed amplifi cation of KRAS1P in different 
tumors and a positive correlation between KRas and KRAS1P expression [ 31 ]. 
Taken together, expression level of Ras is susceptible to regulation by both miRNAs 
and other noncoding RNAs. 

 Activated Ras proteins will stimulate downstream effectors through a cascade of 
phosphorylation events on the Raf, MEK, and ERK proteins. Deregulation of these 
components leads to alterations in the output of this signaling cascade. MiR-524-5p 
has been shown to suppress melanoma cell proliferation, migration, and tumor for-
mation by targeting multiple downstream effectors in the Ras/Raf/ERK pathway, 
including both Braf and ERK2. Interestingly, activation of the Ras/Raf/ERK path-
way by growth-factor stimulation or overexpression of the constitutively active 
mutant V600E Braf results in decreased expression of miR-524-5p, suggesting a 
feedback loop affecting this signal regulation [ 32 ]. Besides miR-524-5p, other miR-
NAs such as miR-7 have also been implicated in targeting Raf in glioblastoma and 
adrenocortical carcinoma to dampen the downstream Ras signal [ 33 ,  34 ]. 

 Collectively, miRNAs possess a great potential to modulate one or multiple mol-
ecules in the Ras/Raf/ERK pathway, resulting in positive or negative regulation of 
this signaling circuit.  

11.4     The PI3K/AKT Signaling Pathway 

 Activated by both RTKs and Ras, phosphatidylinositol-3-kinase (PI3K) activates its 
downstream signaling cascade through generation of the lipid second messenger 
phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ) that subsequently activates AKT 
and multiple downstream effectors, leading to enhanced cell survival, cell-cycle 
progression, and cell growth [ 35 ]. The PI3K/AKT pathway is aberrantly activated 
in many cancers, with mutations in the PI3K pathway components accounting for 
around 30 % of human cancers [ 36 ]. MicroRNAs also serve as essential regulators 
of this pathway. 

 PI3K is a large family that contains three classes. The Class I PI3K is involved in 
oncogenesis, which is composed of heterodimers between a p85 regulatory subunit 
and a p110 catalytic subunit. In response to activated RTKs or Ras, p85-p110 is 
recruited to the cell membrane and phosphorylated by kinases, so that it proceeds to 
convert phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to PIP 3  [ 35 ]. Multiple 
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 microRNAs have been reported to target the different subunits of PI3K, thereby 
repressing the signal pathway. For instance, miR-126, which is frequently lost in 
colon cancers, functions as a tumor suppressor through opposing p85β and conse-
quently reducing the phosphorylated AKT levels substantially [ 37 ]. Fang et al. have 
also shown that miR-7 targets p110δ, mTOR, and p70S6K simultaneously in hepa-
tocellular carcinoma (HCC), leading to inhibition of cancer cell proliferation, 
migration and tumor metastasis, which provides another example of one single 
miRNA targeting multiple nodes in the same pathway to impair the signal effec-
tively. Consistently, compared to paired normal tissues, miR-7 expression is down-
regulated, while levels of p85β, AKT, and mTOR are upregulated in HCC tissues, 
suggesting a clinical association among miR-7 and the PI3K pathway components 
[ 38 ]. 

 As a vital second messenger, the level of PIP 3  is stringently controlled in cells via 
tight regulation of PI3K activation and actions of PIP 3  phosphatases which convert 
PIP 3  back to PIP 2 . Analogous to the regulation of GTP- or GDP-bound status of Ras 
by GEFs/GAPs, PI3Ks and PIP 3  phosphatases mediate levels of PIP 3  to affect the 
activity of this signaling pathway. PTEN is a PIP 3  phosphatase that functions as a 
tumor suppressor and is implicated broadly in modulating the development of vari-
ous cancer types through negatively regulating PI3K/AKT signal [ 35 ]. Mutations in 
PTEN frequently occur in CNS, colorectal, skin, prostate cancers, and so forth [ 39 ]. 
In addition, monoallelic loss of PTEN contributes to tumor growth, and the dosage 
of PTEN expression correlates with the severity of cancers, indicating that PTEN is 
functionally haploinsuffi cient [ 40 ]. MicroRNAs and other noncoding RNAs make 
substantial contributions to the fi ne-tuned regulation of PTEN’s expression level 
and resultant effects on cancer progression. First, a number of miRNAs are involved 
in suppression of PTEN expression, resulting in enhancement of PI3K/AKT signal-
ing activity and acceleration of tumorigenesis. For instance, as a master oncomir, 
miR-21 represses PTEN expression in HCC to promote tumor cell proliferation and 
migration [ 41 ]. Mir-214, miR-221, and miR-222 have been shown to induce cell 
survival and promote drug resistance through targeting PTEN and boosting AKT 
activation in ovarian cancer and lung cancer [ 42 ,  43 ]. In addition, both noncoding 
and protein-coding RNA transcripts serve as ceRNAs to regulate PTEN expression. 
Analogously to KRAS1P, Poliseno et al. also have identifi ed PTENP1, a long- 
noncoding pseudogene of PTEN that suppresses tumor formation by competing for 
the binding of microRNAs which regulate the amount of PTEN. Loss of PTENP1 in 
prostate cancer tissues and a positive correlation between PTEN and PTENP1 
expression have also been observed [ 31 ]. Similarly, protein-coding genes, such as 
VAPA, CNOT6L, and Zeb2, are further elucidated to display concordant expression 
patterns with PTEN and function as decoys for PTEN-targeting microRNAs in 
colon carcinoma and melanoma cells. Attenuation of expression of these ceRNAs 
represses PTEN and activates the PI3K/AKT pathway in a microRNA-dependent, 
protein-coding-independent manner [ 44 ,  45 ]. In addition to ceRNAs, Johnsson 
et al. have characterized another lncRNA, PTENP1-encoded antisense RNA 
(PTENP1-AsRNA), which regulates PTEN transcription and mRNA stability. 
Interestingly, they illustrated that the α isoform of PTENP1-AsRNA localized to the 
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PTEN promoter and epigenetically modulated PTEN expression through recruit-
ment of DNMT3 and EZH2. In contrast, the β isoform interacted with the PTENP1 
transcript, destabilizing that mRNA and repressing its microRNA sponge activity, 
thereby suppressing PTEN’s protein level. Blockage of PTENP1-AsRNA induced 
cell-cycle arrest through disruption of the PI3K/AKT pathway [ 46 ]. Taken together, 
regulation of PTEN expression occurs at multiple levels by noncoding RNAs during 
tumorigenesis, indicating the pivotal role of this tumor suppressor in modulating 
PI3K/AKT signaling. 

 Upon activation of PI3K, the resultant accumulated PIP3 will bind and recruit 
AKT to the cell membrane, where AKT undergoes two phosphorylation events by 
the 3-phosphoinositide-dependent protein kinases (PDKs) to become active. The 
phosphatases PHLPP and PHLPP2, in contrast, act to terminate AKT signaling by 
directly dephosphorylating and inactivating AKT [ 47 ]. Activated AKT subsequently 
phosphorylates and targets multiple downstream effectors, such as mTOR, BAD, 
and FOXO, ultimately accelerating cell growth, survival, and proliferation [ 35 ,  36 ]. 
Numerous miRNAs play tumor-suppressive roles by targeting these effectors of 
PI3K signaling at different steps. For example, miR-375 targets PDK1, conse-
quently inhibiting AKT phosphorylation and gastric carcinoma cell survival; miR- 
184 suppresses neuroblastoma cell survival through repressing AKT2, and miR-218 
targets the mTOR component Rictor to exert its tumor-suppressive functions in oral 
squamous cell carcinoma (OSCC) [ 48 – 50 ]. In the meantime, by targeting negative 
regulators, miRNAs may also act as oncomirs to boost AKT signaling. MiR-205 has 
been identifi ed as a miRNA that is highly expressed in multiple subtypes of non- 
small cell lung cancer and activates both AKT/mTOR and AKT/FOXO3a through 
targeting PTEN and PHLPP2 [ 51 ]. 

 In sum, miRNAs together with lncRNAs modulate PI3K/AKT signaling activity 
in diverse manners, ultimately altering multiple downstream biological aspects of 
oncogenesis.  

11.5     The TGF-β Signaling Pathway 

 TGF-β signaling is commonly deregulated in human cancers and plays numerous 
varied roles during tumor progression. The TGF-β pathway exerts tumor- suppressive 
effects in the early stage of tumorigenesis through inhibiting cell survival and cell- 
cycle progression. Mutations of the pathway’s effector components, such as Smad4, 
frequently occur in cancers, especially colon cancer. Paradoxically, in the later 
stages of tumor development, TGF-β signaling promotes cancer progression by 
inducing epithelial–mesenchymal transition (EMT), enhancing cell invasion, as 
well as restructuring the tumor microenvironment to promote cancer cell dissemina-
tion, metastasis, and evasion of immune surveillance [ 52 ,  53 ]. TGF-β signaling ini-
tiates from binding of ligands to the TGF-β type II receptor (TGFBR2), which 
triggers the formation of the heteromeric active receptor complexes that phosphory-
late and transactivate TGF-β type I receptor (TGFBRI). The activated TGFBRI 
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subsequently phosphorylates receptor-regulated Smads (R-Smad), which further 
form a complex with the common partner Smad, SMAD4 (Co-smad). This complex 
translocates to the nucleus and binds to target promoters to regulate expression of 
different subsets of genes in a cell-type- and cell-context-dependent manner [ 53 ]. 

 MicroRNAs function as both negative and positive regulators of the TGF-β path-
way. Mestdagh et al. have showed that the oncogenic miR-17-92 cluster suppresses 
multiple key effectors of TGF-β signaling, antagonizing the tumor-suppressive 
effects of TGF-β pathway and accelerating cell proliferation in neuroblastoma. 
Interestingly, they demonstrated that different miRNAs within the same cluster tar-
geted different components of TGF-β pathway. MiR-17/20a repressed TGFBR2, 
whereas miR-18a inhibited expression of SMAD2 and SMAD4. Therefore, activa-
tion of the miR-17-92 cluster resulted in potent impairment of TGF-β signal trans-
duction and downstream gene expression. A signifi cant negative correlation between 
expression levels of miR-17-92 and TGF-β pathway components was also reported 
in primary neuroblastoma tumors [ 54 ]. Meanwhile, inhibitory Smads (I-Smads), 
such as SMAD7, have been shown to antagonize TGF-β signaling through binding 
to TGFBRI to interfere with phosphorylation of SMAD2/3, and through recruiting 
E3 ubiquitin ligases for degradation of TGFBRI. The miR-106b-25 cluster has been 
implicated in elevation of TGFBRI levels and activation of TGF-β signaling by 
targeting SMAD7, thereby inducing EMT and the tumor-initiating cell phenotype in 
breast cancer cells [ 55 ]. In addition, miR-106b-25 has also been reported to over-
come TGF-β signaling-mediated growth suppression though targeting p21 and BIM 
[ 56 ], indicating the tumor-promoting roles of this miRNA cluster by modulating the 
output of the TGF-β pathway at multiple levels to promote tumorigenesis. 

 In addition to actively modulating the TGF-β signaling pathway, expression of 
miRNAs and lncRNAs is closely controlled by TGF-β signaling itself, strengthen-
ing the cellular responses to TGF-β. For example, miR-205 and miR-200 family 
members cooperatively target transcriptional repressors of E-cadherin, ZEB1, and 
ZEB2, to inhibit EMT [ 57 ]. Interestingly, in response to TGF-β, the miR-200 pri-
mary transcript is repressed by the accumulated ZEB1 in mesenchymal cells [ 58 ], 
reinforcing the TGF-β-induced EMT process. Meanwhile, an lncRNA, lncRNA- 
ATB, has been illustrated to be upregulated by TGF-β and subsequently boost 
expression of ZEB1 and ZEB2 by competitively binding with the miR-200 family 
to promote EMT and metastasis of HCC [ 59 ]. These feedback loops among miR-
NAs, lncRNA, and the TGF-β pathway ultimately strengthen the signal output. 
Besides transcriptional regulation, TGF-β signaling directly regulates microRNA 
biogenesis at the posttranscriptional level through enhancing Drosha’s cleavage of 
a specifi c group of miRNAs [ 60 ]. 

 Taken together, noncoding RNAs participate in modulation of TGF-β signaling 
throughout different stages of tumor progression, leading to context-dependent 
alterations in the TGF-β response. At the same time, TGF-β signaling actively regu-
lates miRNA and lncRNA expression, further intensifying cellular responses.  

11 Noncoding RNAs Regulating Cancer Signaling Network



306

11.6     The Wnt/β-Catenin Signaling Pathway 

 Wnt signaling is crucial for embryonic development and tissue regeneration. 
Aberrant expression of Wnt signaling components occurs in many cancer types, 
prominently in colon cancer, to induce tumor progression. The Wnt signaling cas-
cade starts with Wnt ligand binding it its receptor, Frizzled (Fz), and its coreceptor, 
low-density lipoprotein receptor-related protein 6 (LRP6) or LRP5. On one hand, 
natural inhibitors such as Frizzled-related proteins (sFRPs), Wnt inhibitory protein 
(WIF), and Dickkopf (DKK) antagonize signal initiation by inhibiting interactions 
between Wnt and its receptors. On the other hand, agonists, including Norrin and 
R-spondins, act through the Fz/LRP complex to boost the signal. In response to Wnt 
ligand, LRP5 or LRP6 is phosphorylated by CK1α and GSK3β and recruits 
Dishevelled (DVL) to the plasma membrane to interact with Fz receptor subse-
quently mediating translocation of Axin to the membrane. This inactivates a destruc-
tion complex, consisting of APC and Axins as well as casein kinase 1α (CK1α) and 
GSK3β, which serves to mediate degradation of β-catenin. Regulation of β-catenin 
stability is the key event in Wnt signal transduction. In the absence of Wnt stimula-
tion, cytoplasmic β-catenin interacts with this destruction complex, and CK1α and 
GSK3β phosphorylate β-catenin, targeting it for proteasome-dependent degrada-
tion. Wnt ligand stimulation-mediated disruption of this complex results in accumu-
lation of β-catenin, which enters the nucleus and binds with TCF transcription 
factors to stimulate expression of genes that modulate multiple biological processes 
including cell proliferation, survival, stem cell self-renewal, and differentiation [ 61 , 
 62 ]. 

 MicroRNAs exert their tumor-suppressive or tumor-promoting functions by tar-
geting these positive or negative regulators of the Wnt pathway. For instance, as a 
tumor-suppressive miRNA, miR-34 is transactivated by p53 and suppresses tran-
scriptional activity of the β-catenin/TCF complex, thereby repressing colorectal 
cancer progression. Multiple Wnt pathway components have been identifi ed as tar-
gets of miR-34, including WNT1, WNT3, LRP6, β-catenin, and LEF1 [ 63 ]. In addi-
tion, miR-34-mediated repression of Axin2 leads to increased nuclear GSK3β and 
decreased Snail in colorectal cancer cells [ 64 ]. These fi ndings have revealed a key 
role for miR-34 in antagonizing Wnt signaling activity and colon cancer develop-
ment. Meanwhile, oncogenic miRNAs, such as miR-155 and miR-106b, are upreg-
ulated in HCC and target APC directly, resulting in accumulation of β-catenin, 
which accelerates cell proliferation and inhibits apoptosis in HCC [ 65 ,  66 ]. Leading 
to a similar effect, miR-222 promotes glioma cell proliferation via targeting DKK2 
and potentiating the Wnt/β-catenin signal [ 67 ].  
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11.7     The Notch Signaling Pathway 

 The Notch signaling pathway has a simple framework that is critical during devel-
opmental processes, including cell proliferation, apoptosis, specifi cation of cell 
fate, maintenance of stem cell populations, and differentiation. Dysfunction of the 
Notch signaling pathway is also involved in cancer progression, in a context- 
dependent manner. For example, hyperactivation of Notch signaling promotes leu-
kemia and breast cancer progression, while it induces differentiation and represses 
skin and lung cancer development [ 68 ]. Unlike other signaling cascades, both Notch 
ligands and receptors are transmembrane proteins, thereby mainly stimulating sig-
nal transduction between neighboring cells. The Notch ligands, Delta and Jagged, 
bind to and promote two cleavages of Notch receptors by an ADAM-family metal-
loprotease and the γ-secretase complex, resulting in the release of the Notch intra-
cellular domain (NICD), which is the active effector of the signaling pathway. 
NICD further translocates to the nucleus, associates with the DNA-binding protein 
CSL (CBF1/Su(H)/Lag-1), displaces co-repressors (Co-R), and recruits co- 
activators (Co-A) to stimulate downstream gene transcription [ 68 – 70 ]. 

 As a master tumor suppressor, miR-34 has been reported to target multiple Notch 
signaling components, such as Notch-1, Notch-2, and Delta-like 1, thereby dampen-
ing Notch signaling activity and impairing maintenance of cancer stem cells in dif-
ferent cancer types including glioblastoma, medulloblastoma, gastric cancer, colon 
cancer, and pancreatic cancer [ 71 – 75 ]. This suggests a broad role for miR-34 in 
modulation of cancer stem cell characteristics via suppression of Notch signaling. 
In contrast, as an antagonist of Notch signaling, Numb has been shown to interact 
with Notch and promote its degradation [ 70 ]. Through directly targeting Numb to 
activate Notch signaling, miR-146a accelerates initiation and progression of mela-
noma [ 76 ].  

11.8     The Hedgehog Signaling Pathway 

 Hedgehog signaling plays pivotal roles in controlling cell growth and pattern forma-
tion during embryonic development. Mutations or altered activation of this signal-
ing pathway also contribute to tumorigenesis in various cancer types, such as basal 
cell carcinoma and medulloblastoma. One crucial event in this signal transduction 
is altering the balance between the active (Gli A ) and repressive (Gli R ) forms of the 
transcription factor Gli. In the absence of the ligand Hedgehog (Hh), the transmem-
brane Hh receptor Patched (Ptch1) inhibits the GPCR-like protein Smoothened 
(Smo) from translocating to the cell membrane to become active. In this context, the 
cytoplasmic Glis are phosphorylated by proteins such as CK1α and GSK3β, and 
proteolytically processed to generate Gli R . This process suppresses expression of 
Hh target genes. In the meantime, suppressor of fused (Sufu) impedes Gli A  function 
through inhibition of its nuclear translocation and transcriptional activation. Upon 
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Hh ligand stimulation, Ptch1 is internalized, thereby failing to repress the activity of 
Smo. In turn, Smo blocks Gli R  production and promotes Gli A  generation, which 
stimulates expression of Hh target genes [ 77 – 79 ]. 

 A number of microRNAs have been reported to suppress Hedgehog pathway 
activity. For example, Ferretti et al. have identifi ed that miR-125b, miR-326, and 
miR-324-5p are downregulated in medulloblastoma tissue with high Hh signaling. 
Further characterization has revealed that mir-125b and miR-326 both target 
Smoothened, whereas miR-324-5p targets Gli1. Downregulation of these miRNAs 
leads to high expression of Hh target genes that accelerate tumor cell proliferation 
[ 80 ]. Conversely, by suppressing the inhibitor of Hedgehog signal, Sufu, miR-378 
enhances glioma cell survival, tumor proliferation and angiogenesis [ 81 ]. Similarly, 
miR-212 displays tumor-promoting properties via targeting Ptch1 in non-small cell 
lung cancer [ 82 ].  

11.9     Other Signaling Pathways 

 Besides the aforementioned signaling circuits which are well-studied in cancer, 
other pathways also make tremendous contributions during tumorigenesis. One of 
these is the Hippo pathway, which regulates organ size in multiple species. 
Deregulation of this pathway is implicated in a broad range of human tumors, 
including lung, colorectal, ovarian, and liver cancers. Central to this pathway is a 
core kinase cassette that consists of mammalian STE20-like protein kinase 1 
(MST1) and MST2, large tumor suppressor 1 (LATS1) and LATS2, as well as the 
adaptor proteins Salvador homologue 1 (SAV1), MOB kinase activator 1A 
(MOB1A), and MOB1B. LATS1 and LATS2 phosphorylate the oncoproteins Yes- 
associated protein (YAP) and transcriptional co-activator with PDZ-binding motif 
(TAZ), repressing their activity by sequestering them in the cytoplasm and stimulat-
ing protein degradation. However, without phosphorylation, YAP and TAZ associ-
ate with different transcription factors, such as TEADs and SMADs, to stimulate 
gene expression and promote cell proliferation and survival [ 83 ,  84 ]. MicroRNAs 
positively and negatively control Hippo activity as well, leading to suppression or 
promotion of oncogenesis. For instance, miR-135b is highly expressed in non-small 
cell lung cancer and represses multiple targets in the Hippo pathway, including 
LATS2, F-box/WD repeat-containing protein 1A (β-TrCP), and nuclear Dbf2- 
related kinase 2 (NDR2), resulting in accumulation of YAP/TAZ in the nucleus and 
promotion of lung cancer metastasis [ 85 ]. Meanwhile, miR-375 targets YAP directly 
and inhibits HCC cell proliferation and invasion [ 86 ]. Interestingly, nuclear YAP is 
also involved in suppressing miRNA biogenesis directly through sequestering p72 
from the Drosha microprocessor, which is partially responsible for the enhancement 
of cancer progression [ 87 ]. 

 Another potent cascade is the JAK-STAT signaling pathway, which mainly medi-
ates cytokine-dependent infl ammation and immunity. Tumorigenesis and infl amma-
tion occur concurrently. This infl ammatory microenvironment can be modulated to 
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promote or hinder tumor progression. Deregulation of JAK-STAT signaling alters 
the infl ammatory microenvironment to promote evasion of immune surveillance 
and enhance tumor-promoting immune responses. Mechanistically, different cyto-
kines bind with their corresponding cytokine receptors, activating Janus kinase 
(JAK) family kinases, which are the receptor-associated tyrosine kinases. 
Subsequently, signal transducer and activator of transcription (STAT) proteins are 
phosphorylated by JAK, form homodimers or heterodimers, and translocate to the 
nucleus to stimulate downstream gene expression, of which many are cytokines and 
growth factors [ 88 ]. As an oncomir in breast cancer, expression of miR-155 is 
upregulated and negatively correlated with expression of suppressor of cytokine 
signaling 1 (SOCS1), an antagonist of the JAK-STAT pathway which inhibits STAT 
phosphorylation by JAK. By targeting SOCS1, miR-155 enhances phosphorylation 
of STAT3 and boosts breast tumor formation. Notably, expression of miR-155 is 
induced by multiple cytokines including IL6 and IFN-γ, indicating that it may act as 
a bridge between infl ammation and cancer [ 89 ]. Meanwhile, tumor-suppressive 
miRNAs, such as miR-135a, inhibit gastric cancer proliferation by targeting JAK2 
and attenuating p-STAT3 activation [ 90 ].  

11.10     MiRNAs in the Crosstalk Between Signaling Pathways 

 MicroRNAs possess the potential to target multiple genes simultaneously. We have 
previously mentioned several microRNAs, such as miR-34, miR-21, miR-524-5p, 
and miR-205, which can suppress components of the same signaling pathway, so as 
to potently regulate that pathway’s activity during tumorigenesis. Not surprisingly, 
microRNAs may also exploit their regulatory capacity to modulate components of 
several signaling pathways, resulting in alterations in multiple key pathways inte-
gral to cancer progression. For example, the Wnt and Ras/ERK signaling pathways 
play prominent roles in bladder cancer progression. Through targeting β-catenin 
and MEK1, which belong to the Wnt and Ras pathways respectively, miR-1826 can 
suppress the activity of these two pathways to inhibit bladder cancer cell prolifera-
tion [ 91 ]. Similarly, during prostate cancer development, TGF-β signaling sup-
presses while Wnt signaling promotes tumorigenesis. MiR-183 exerts its 
tumor-promoting function by targeting SMAD4 and DKK3, thereby dampening 
TGF-β signaling but promoting Wnt signaling [ 92 ]. 

 Besides modulating the activities of different pathways independently, microRNA 
also helps to connect distinct signaling circuits. Plenty of evidences have demon-
strated that microRNAs can act as mediators of signaling crosstalk. For instance, 
miR-216a has been shown to link TGF-β signaling with the PI3K/AKT pathway. 
Wu et al. utilized a diethylnitrosamine (DEN)-induced rat hepatocarcinogenesis 
model and demonstrated that TGF-β treatment of liver progenitor cells boost expres-
sion of miR-216a, which in turn target PTEN to enhance AKT signaling. The resul-
tant enhanced AKT activation ultimately induced enhanced self-renewal, 
chemoresistance, and tumorigenecity of the progenitor cells [ 93 ].  
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11.11     Conclusion 

 In summary, in this chapter, we have reviewed the roles of microRNAs and other 
noncoding RNAs in regulating signal transduction during cancer progression. 
Noncoding RNAs can function as either suppressors or promoters of signaling cas-
cades. First, microRNAs may suppress signal transduction through targeting effec-
tors or positive regulators of signaling pathway. For example, let-7 inhibits Ras to 
weaken Ras/ERK pathway activity (see Fig.  11.1a ). In contrast, by repressing nega-
tive modulators, miRNA may boost signaling activity. For instance, miR-21 targets 
PTEN to stimulate the PI3K/AKT pathway (see Fig.  11.1b ). Although the effect of 
a miRNA on a single target’s gene expression is subtle, because of their unique 
regulatory features, miRNAs may amplify/dampen a specifi c signal potently through 
targeting multiple components in one pathway simultaneously (see Fig.  11.1a ). 
Similarly, miRNAs may maximize their regulatory capacity by targeting compo-
nents from different pathways, leading to modulation of activities of those pathways 
cooperatively to impact tumorigenic processes (see Fig.  11.1d ). Besides actively 
controlling signal transduction, expression of microRNAs/noncoding RNAs can be 
infl uenced by the pathway they are modulating, resulting in feedback loops between 
microRNAs and their target signaling pathways (see Fig.  11.1c ). These feedback 
loops can be exploited to convert a transient signal into a long-lasting cellular 
response, especially benefi cial during transitions between cellular states, such as 
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EMT. Once induction of one state is initiated by the signaling cue, that signal trans-
duction can be self-sustained and reinforced to complete the transition. Finally, sig-
naling pathways are highly interconnected and microRNAs/noncoding RNAs 
contribute to connecting multiple signaling circuits. A microRNA that is down-
stream of one signaling cascade may modulate activity of another pathway, mediat-
ing the crosstalk between these two pathways (see Fig.  11.1e ). Therefore, the 
regulation of microRNAs/noncoding RNAs on signal transduction is very diverse, 
having multiple context-dependent methods and outputs. Utilizing these methodol-
ogies, microRNAs make signifi cant contributions to tumor formation and progres-
sion by aiding to tightly control signal transduction in cancer cells.
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    Chapter 12   
 Noncoding RNAs Regulating NF-κB Signaling                     

     Mengfeng     Li      and     Hongyu     Guan   

    Abstract     As transcription factors that regulate expression of a variety of genes 
essential for diverse physiological and pathological processes, nuclear factor kappa 
B (NF-κB) family molecules play important roles in the development and progres-
sion of malignant tumor, and constitutive activation of NF-κB has been evidenced 
in various types of tumor tissues. Underlying its pathologic role, deregulated expres-
sion and/or transactivating activity of NF-κB usually involves multiple layers of 
molecular mechanisms. Noncoding RNAs, including microRNAs (miRNAs) and 
long noncoding RNAs (lncRNAs), are known to modulate expression and biologi-
cal functions of regulatory proteins in a variety of cancer contexts. In this chapter, 
the regulatory role of miRNAs and lncRNAs in NF-κB signaling in malignant dis-
eases will be discussed.  

  Keywords     NF-κB   •   miRNAs   •   lncRNAs   •   Noncoding RNA   •   Tumorigenesis   • 
  Therapeutics  

12.1       Introduction 

 The NF-κB transcription factors consist of fi ve Rel family members, i.e., NF-κB1/
p105, NF-κB2/p100, RelA/p65, RelB, and c-Rel [ 1 ], all of which contain a con-
served Rel homology domain for dimerization, DNA binding, and nuclear translo-
cation [ 2 ]. All Rel members are capable of binding DNA, but only RelA/p65, RelB, 
and c-Rel carry transactivating domains that are responsible for interacting with 
basal transcription factors and cofactors [ 3 ]. NF-κB members can form homodi-
meric and heterodimeric complexes that directly regulate genes involved in a wide 
variety of biological processes, such as the immune response, infl ammation, cell 
growth, cell adhesion, and differentiation [ 4 ]. As deregulation of these biological 
processes is usually associated with malignant transformation of cells and 
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dissemination of tumors, NF-κB represents a family of molecules that play impor-
tant roles in multiple aspects of tumorigenesis and cancer progression, and constitu-
tive activation of NF-κB indeed has been found in many cancer types [ 5 ]. 
Understanding how the expression and the biological functions of NF-κB family 
members are deregulated in cancer has been a topic of high interest, which is 
expected to facilitate the development of new, effective anticancer strategies. 

 Noncoding RNAs, including microRNAs (miRNAs) and long noncoding RNAs 
(lncRNAs), play fundamental roles in modulating gene expression and protein 
functions. miRNAs represent a class of endogenous noncoding small RNAs capable 
of modifying the expression level of genes by base pairing with the 3’-untranslated 
region of target mRNAs [ 6 ]. Numerous miRNAs have been found to be involved in 
the initiation, development, and progression of cancer, and interestingly, a signifi -
cant number of these miRNAs are regulator of NF-κB expression or signaling. 
Meanwhile, lncRNAs are endogenous cellular RNAs longer than 200 bases, as 
defi ned by widely accepted criteria [ 7 ]. Unlike miRNAs, lncRNAs can regulate 
gene expression at multiple levels through various mechanisms distinct among 
different lncRNAs [ 8 ]. Studies have suggested a role of lncRNAs in regulating 
NF-κB signaling in tumorigenesis. 

 In this chapter, the signifi cance of noncoding miRNAs and lncRNAs in modulat-
ing NF-κB activity, tumor development, and progression and potential implications 
of these noncoding RNAs as interventional targets in human cancer will be 
summarized.  

12.2     Signifi cance of NF-κB Signaling in Cancer Biology 

 NF-κB was identifi ed by Sen and Baltimore in 1986 as a transcription factor in the 
nucleus of mature lymphocytes that binds the enhancer of immunoglobulin κ-light 
chain [ 9 ]. In mammals, NF-κB family consists of fi ve Rel family members, i.e., 
NF-κB1/p105, NF-κB2/p100, RelA/p65, RelB, and c-Rel [ 1 ]. All these Rel family 
members contain a conserved region termed Rel homology domain, which is key 
to the dimerization, DNA binding, and nuclear translocation of Rel proteins [ 2 ]. 
While all Rel members are capable of binding DNA, only RelA/p65, RelB, and 
c-Rel contain transactivating domains in their carboxyl termini, which are 
 responsible for interacting with basal transcription factors and cofactors [ 3 ]. It has 
been well demonstrated that NF-κB is ubiquitously expressed in the cytoplasm of 
various types of cells. When activated by specifi c stimuli, such as infl ammatory 
signals, NF-κB factors translocate to the nucleus, where it transcriptionally regu-
lates genes involved in immune response, infl ammation, cell growth, adhesion, 
and differentiation. To become transcriptionally active, NF-κB members form 
homodimeric and heterodimeric complexes, among which p50/RelA (p50/p65) 
heterodimer is found to be the most abundant and active form in mammalian 
cell [ 4 ]. 
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 Given its signifi cant role involved in cellular growth, survival, invasion, angio-
genesis, and transformation, NF-κB has been implicated in the initiation, develop-
ment, metastasis, and chemoresistance of human malignant diseases. Constitutive 
activation of NF-κB has been observed in a number of cancer types. Of particular 
note, the functional consequences of deregulated activation of NF-κB are closely 
correlated with nearly all hallmarks of cancer identifi ed thus far [ 10 ]. 

12.2.1     NF-κB Signaling Links Infl ammation and Cancer 

 Infl ammation represents a fundamental defense mechanism in the innate immunity. 
However, uncontrolled chronic infl ammation can lead to biological scenarios 
characteristic of cellular stress and unstability, such as over-recruitment of 
infl ammatory factors and accumulation of DNA damage. Notably, such stressful 
conditions are usually underlying development of cancer [ 11 ]. Indeed, nearly 20 % 
of human cancers are associated with chronic infl ammatory diseases [ 12 ]. For 
example, helicobacter pylori infection in gastric cancer, HBV or HCV infection in 
hepatocellular cancer, and infl ammatory bowel disease in colorectal cancer are 
common causes of chronic infl ammation related to carcinogenesis [ 13 – 15 ]. Thus, 
infl ammation has been recognized as one of the contributory factors associated with 
the pathogenesis of human cancer. In this context, accumulating evidence has impli-
cated that NF-κB activation, a featured master regulator of infl ammatory responses, 
acts as a signaling link between infl ammation and cancer at multiple levels. It is of 
note that NF-κB overactivation has been evidenced both in cells that become malig-
nant and in stromal cells surrounding tumor cells and constituting intratumoral 
microenvironment. At tumor site with activation of NF-κB, the pro- infl ammatory 
cytokines directly contribute to the establishment of microenvironment permissive 
for initiation and development of cancer [ 16 ]. Tumor stromal cells, which include 
infl ammatory cells such as macrophages, neutrophils, lymphocytes, mast cells, and 
dendritic cells, produce infl ammatory cytokines, angiogenic factors, growth factors, 
proteases, and other infl ammatory mediators [ 17 ]. Infl ammatory cytokines (TNF- α , 
IL-1, etc.) secreted by these microenvironmental cells have been found to act on 
premalignant cells prone to malignant transformation, which in turn induce expres-
sion of genes associated with cellular proliferation, cell survival, and angiogenesis 
[ 18 ,  19 ]. Proteases that degrades the extracellular matrix facilitates tumor cell 
migration, invasion, and dissemination, which are key to cancer metastasis [ 20 ]. 
Furthermore, in stromal cells, activation of NF-κB induces production of reactive 
oxygen species (ROS), which may increase DNA damage in the premalignant cells 
and in turn trigger NF-κB activation [ 21 ]. 

 As described above, a major contribution of NF-κB activation to tumorigenesis 
can be associated with the establishment of infl ammatory microenvironment. 
Indeed, constitutive NF-κB activity has been demonstrated in signifi cant numbers 
of human cancers [ 22 ]. Suppression of NF-κB in tumor cell model might lead to 
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tumor suppression, suggesting that the NF-κB signaling pathway could be a promis-
ing anticancer target [ 23 ].  

12.2.2     NF-κB Signaling Promotes Cell Proliferation 
and Inhibits Cell Apoptosis 

 Cancer is essentially a disease which involves unlimited cell proliferation and 
aberrantly excessive cell survival [ 24 ]. Deregulated expression and/or overactiva-
tion of cell cycle-driven proteins contribute to this process. The essential role of 
NF-κB in cell proliferation is largely due to its effects on regulating expression of 
cyclins and proto-oncogene [ 25 ]. Studies in both human cancer cells and murine 
embryonic fi broblasts by Hinz et al. has demonstrated that NF-κB contributes to the 
G1-to-S phase transition and that cyclin D1 may be a target gene of NF-κB transac-
tivation [ 26 ]. Lately a study carried out by Guttridge et al. has identifi ed cyclin D1 
as a direct transcriptional target of NF-κB [ 27 ]. Meanwhile, expression of antiapop-
totic genes, such as FLIP, c-IAP1/2, XIAP, and members of the Bcl-2 family can be 
modulated by NF-κB activity [ 28 ,  29 ], suggesting that NF-κB leads cancer cells to 
escaping apoptosis. Collectively, evidence has shown that NF-κB contributes to 
tumorigenesis through promoting cell proliferation, as well as inhibiting apoptosis.  

12.2.3     NF-κB Stimulates Tumor Cell Invasion and Metastasis 

 NF-κB signaling stimulates tumor cell invasion and metastasis at multiple levels. As 
an early event in the process of metastasis, epithelial-mesenchymal transition 
(EMT) has been found to be associated with NF-κB signaling. For example, Twist1 
and Snail, two key regulators in EMT, are transactivated by NF-κB [ 30 ,  31 ]. 
Moreover, although the underlying mechanisms still remain unclear, an involve-
ment of NF-κB in cancer cell extravasation and colonization in distal organs has 
been evidently shown [ 32 ]. Notably, Parthenolide, a natural inhibitor of NF-κB, 
suppresses lung colonization of a highly metastatic murine osteosarcoma cell line 
LM8 [ 33 ]. Furthermore, NF-κB regulates many adhesion proteins, including integ-
rins and their receptors [ 34 ]. In addition, matrix metalloproteinases (MMPs), a fam-
ily of zinc-dependent endopeptidases, contribute to many steps of cancer progression 
by proteolytic interaction with multiple substrates. Farina et al. have showed that 
MMP9 expression is transcriptionally regulated by NF-κB [ 35 ]. Intriguingly, ele-
vated level of NF-κB in pre-metastatic niche facilitates creating favorable environ-
ment for tumor cell seeding [ 36 ].  
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12.2.4     NF-κB Modulates Tumor Angiogenesis 

 Angiogenesis is a hallmark of cancer and is required for tumor growth. Vascular 
endothelial growth factor (VEGF) is a key angiogenic factor in the process of tumor 
angiogenesis [ 37 ]. The expression of VEGF is regulated by hypoxia-inducible 
factor-1 α  (HIF-1 α ) under hypoxic conditions [ 38 ]. Intriguingly, NF-κB activation 
promotes expression of VEGF, thereby contributing to the process of angiogenesis 
[ 39 ]. Indeed, it has been demonstrated that inhibition of NF-κB results in suppres-
sion of VEGF and angiogenesis [ 40 ]. Moreover, other important pro-angiogenic 
factors, such as TNF, bFGF, MCP-1, MMPs, and IL-8, are upregulated by 
NF-κB. For example, oncogene Bmi-1 plays an important role in glioma angiogen-
esis, and further molecular mechanistic study has revealed that NF-κB/VEGF medi-
ates the positive effects of Bmi-1 on tumor progression [ 41 ]. In vivo study of a 
thyroid cancer model has shown that NF-κB-dependent angiogenesis may also be 
mediated by IL-8 secretion [ 42 ]. MMPs discussed above also play functional roles 
in tumor- promoting angiogenesis and are regulated by NF-κB [ 43 ]. These studies 
underscore the importance of NF-κB activation in tumor angiogenesis.  

12.2.5     NF-κB Is Involved in Cancer Metabolism 

 It has been suggested that NF-κB may be involved in regulation of cell metabolism 
in malignant diseases, which are also supported by several recent studies. Mauro 
et al. provided evidence for the role of NF-κB in metabolic adaption in cancer and 
normal cells. Their data indicate that NF-κB remodels energy metabolism networks 
by modulating the balance between the glycolysis utilization and mitochondrial 
respiration [ 44 ]. Study by Kawauchi et al. demonstrated that glycolysis activates 
IKK-NF-κB via a positive feedback loop and that p53 defi ciency-induced hyperac-
tivation of this loop plays an important role in oncogene Ras-induced cell transfor-
mation [ 45 ]. In the absence of p53, NF-κB family member RelA can transport into 
the mitochondria and suppress the expression of mitochondrial genes, consumption 
of oxygen, and levels of cellular ATP, suggesting that RelA regulates the function of 
mitochondria and thereby infl uences the metabolism and energy production in 
tumor cells [ 46 ].   

12.3     The Molecular Process of NF-κB Signaling: Mechanism 
and Regulation 

 As a family of transcriptional factors associated with many physiological and patho-
logical processes, the activities of NF-κB are tightly controlled by both classical 
(canonical) and alternative (noncanonical) regulatory pathways [ 47 ]. When 
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regulated by the canonical NF-κB pathway, stimuli, such as viral/bacterial infec-
tions and pro-infl ammatory cytokines, activate the IKK complex and subsequently 
the two catalytic subunits, IKK α  (IKK1) and IKK β  (IKK2), which then form the 
IKK complex together with a regulatory subunit IKKγ (NEMO) [ 48 ]. This complex 
phosphorylates the N-terminal serines 32 and 36 of the inhibitor of NF-κB (IκB) 
[ 49 ], followed by ubiquitylation and proteasomal degradation of the phosphorylated 
IκB, thereby releasing the NF-κB dimers (mainly p65/p50 and p50/c-Rel) to enter 
the nucleus and activate the transcription of their target genes [ 50 ]. Thus, the ubiq-
uitination and proteasome-mediated degradation of IκB plays crucial roles in regu-
lating NF-κB activity. Meanwhile, the alternative NF-κB activation pathway relies 
on the upstream kinase NF-κB-inducing kinase (NIK) and its activation of the IKK α  
homodimers in an IKK β - and IKKγ-independent manner, leading to phosphoryla-
tion of p100. Ubiquitin-mediated proteasomal degradation of the phosphorylated 
p100 generates p52 and forms the p52/RelB dimer that translocates to the nucleus 
and transactivates target gene expression [ 51 ]. 

 As discussed above, ubiquitin modifi cation is essential for activation of NF-κB 
signaling [ 52 ]. Dysregulated ubiquitin conjugation/deconjugation in NF-κB signal-
ing was shown in various types of human cancers [ 53 ]. Ubiquitin conjugation acts 
as a positive regulator in NF-κB signaling and has been found to be involved in 
multiple steps along the activating cascade [ 54 ]. Furthermore, deubiquitinating 
enzymes, including CYLD, cellular zinc fi nger anti-NF-κB (Cezanne), and A20, are 
responsible for the ubiquitin conjugation and therefore function as negative NF-κB 
regulators [ 55 ,  56 ]. 

 Importantly, the activity of NF-κB signaling is modulated at multiple levels. The 
expression quantities of key regulatory proteins in the canonical as well as alternative 
pathways are important parameters that contribute to determining the intensity of 
NF-κB activity. As the biological signifi cance of noncoding RNAs is gradually rec-
ognized, their roles in modulating NF-κB signaling is becoming increasingly appre-
ciated. In the following sections, implications of noncoding RNAs in the constitutive 
activation of NF-κB will be summarized.  

12.4     Noncoding RNAs Involved in Regulation of NF-κB 
Signaling in Cancer 

12.4.1     MicroRNAs (miRNAs) in NF-κB Signaling 

 MiRNAs, a class of endogenous noncoding small RNAs, are involved in modulation 
of many biological processes by base pairing, usually imperfectly, with the 
3’-untranslated region of a target mRNA, resulting in posttranscriptional inhibition 
and/or mRNA cleavage [ 6 ]. More than 1000 human miRNAs have been identifi ed 
thus far. As each miRNA is predicted to regulate a few hundreds of protein-coding 
genes, current estimates suggest that over 45 000 sites in human genome are targeted 
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by miRNAs, resulting in altered expression of ~60 % of genes [ 57 ]. Numerous 
studies have demonstrated the important roles of miRNAs in development and pro-
gression of cancer, in which aberrant activation of NF-κB often occurs. Naturally, 
accumulating evidence has suggested that a number of miRNAs and their target 
genes in the NF-κB signaling cascades can be critical to tumorigenesis and the pro-
gression of cancer. 

12.4.1.1     MiR-30e* Inhibits NF-κB Inhibitor IκB 

 Biological evidence has established that NF-κB activation is tightly controlled by its 
natural inhibitors, IκBs, which bind and sequester NF-κB in the cytoplasm until 
nuclear translocation is induced by signal-triggered IκB degradation. However, how 
cancer cells override the NF-κB-IκB negative feedback loop, through which NF-κB 
promotes expression of its own inhibitors, IκBs, that reversely acts to retain NF-κB 
in the cytoplasm as an inactive form, remains unclear. One of our previous studies 
found that miR-30e* directly targets IκB α  3’-UTR, suppresses IκB α  expression, 
and causes deregulated hyperactivation of NF-κB and expression of NF-κB- 
regulated genes (e.g., MMPs and VEGF-C), promoting invasiveness of glioma cells 
and angiogenesis [ 58 ]. More importantly, such effects of miR-30e* on the aggres-
siveness of glioma are clinically relevant as upregulated miR-30e* is found in 
human glioma tissue and highly correlates with clinical progression of the disease 
and poor survival of patients. Hence, miR-30e* mediates a novel epigenetic mecha-
nism that disrupts the NF-κB-IκB α  loop. This fi nding provides new insights in 
developing therapeutic intervention against both tumor invasion and neovessel for-
mation in gliomas by inhibiting the expression of miR-30e*.  

12.4.1.2     MiR-138 Suppresses NF-κB Activity by Inhibiting 
Ubiquitination of TRAF2 and RIP1 

 Esophageal squamous cell carcinoma (ESCC) is one of the most aggressive 
malignancies of the gastrointestinal tract [ 59 ]. Constitutive abnormal activation of 
NF-κB signaling is involved in ESCC progression. To reveal the possible role of 
miRNAs in NF-κB activation and ESCC progression, Gong et al. [ 60 ] demonstrated 
that miR-138 is downregulated in esophageal squamous cell carcinoma and is 
inversely associated with malignant progression of the disease. They also found that 
inhibition of miR-138 enhances K63-linked poly-ubiquitination of TRAF2 and 
RIP1, intermediaries of NF-κB signaling, and thereby prolongs activation of 
NF-κB. These data indicate a novel mechanism for abnormal NF-κB activation in 
ESCCs and may provide a novel target for treatment of ESCCs.  
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12.4.1.3     MiR-486 Suppresses SYLD, ITCH, and TNIPs 

 It has been well demonstrated that the ubiquitin proteasome system is essential for 
regulating NF-κB signaling via degradation of IκBs [ 52 ]. In addition to IκBs, how-
ever, several key proteins in the NF-κB signaling regulatory network are also modu-
lated or interact with ubiquitin [ 54 ]. Intriguingly, dysregulated ubiquitin conjugation/
deconjugation is fairly frequent in human cancers. For example, CYLD, A20, and 
Cezanne are deubiquitinases that negatively regulate NF-κB activation [ 61 ]. To elu-
cidate the underlying mechanism of the simultaneous disruption of these regulators 
in cancers, Song et al. [ 62 ] demonstrated that miR-486 directly suppresses the 
expression of CYLD, Cezanne, as well as several A20 regulators, ITCH, TNIP- 1, 
TNIP-2, and TNIP-3 in glioma cells. Consequently, miR-486 results in increased 
ubiquitin conjugations, aberrant NF-κB activation, and promotion of glioma 
aggressiveness.  

12.4.1.4     MiR-182 Links NF-κB with TGF- β  Signaling 

 Ubiquitin conjugation is a vital modifi cation for NF-κB signaling and occurs at 
nearly every step of NF-κB signaling cascades, serving as a positive modulator in 
activation of NF-κB signaling [ 63 ]. In association with this context, the TGF- β /
Smad signaling has been found to promote tumor progression, and of note, NF-κB 
can act as an oncogenic mediator of TGF- β  signaling in cancer cells. To further 
explore the cross-talk between TGF- β  signaling and NF-κB signaling, Song et al. 
[ 64 ] found that miR-182 is overexpressed in glioma and directly inhibits the expres-
sion of CYLD, a negative regulator of NF-κB signaling. The suppression of CYLD 
enhances the ubiquitin conjugation of NF-κB signaling components, thereby pro-
moting the aggressive phenotype of glioma cells. Importantly, TGF- β -induced miR-
182 contributes to constitutive activation of NF-κB signaling. Moreover, there are 
signifi cant correlations among miR-182 level, TGF- β  hyperactivation and activation 
of NF-κB in clinical glioma specimens. At the molecular lever, MiR-182 was also 
found to target gene transcription elongation factor A-like 7 (TCEAL7), an NF-κB 
negative regulator [ 65 ] in endometrial cancer cells [ 66 ]. The expression of miR-182 
is upregulated in endometrial cancer, and loss function of miR-182 suppresses the 
cell proliferation. These data indicate a novel mechanism for constitutive activation 
of NF-κB in glioma.  

12.4.1.5     MiR-892b Inhibits NF-κB Signaling via Targeting TRAF2, 
TAKa, and TAB3 

 In breast cancer, Jiang et al. [ 67 ] found that miR-892b is signifi cantly downregulated 
and associated with clinical outcome of patients with the disease. Ectopic 
overexpression of miR-892 resulted in suppression of tumor growth, metastasis, and 
angiogenesis, whereas silencing miR-892b promoted these phenotypes. In further 
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   Table 12.1    MiRNAs and NF-κB in cancer cells   

 MiRNA 
 Effects on 
NF-κB  Cancer type  Targets  Reference 

 miR-125b  ↑  Glioma  Tnfaip3 and Nkiras2  [ 68 ] 
 miR-141  ↑  Ovarian cancer  KEAP1  [ 69 ] 
 miR-146a/b  ↓  Breast cancer  Traf6 and Irak1  [ 70 ] 
 miR-17 ~ 92  ↑  Lymphomas  Cyld, A20, Rnf11, 

Tax1bp1, and Traf3 
 [ 71 ] 

 miR-181b  ↑  Pancreatic cancer  Cyld  [ 72 ] 
 miR-19  ↑  Leukemia  Cyld  [ 73 ] 
 miR-196a  ↑  Pancreatic cancer  IκB α   [ 74 ] 
 miR-199a  ↓  Ovarian cancer  IKK β   [ 75 ] 
 miR-200b  ↓  Breast cancer  IKK β   [ 76 ] 
 miR-218  ↓  Gastric cancer  ECOP  [ 77 ] 
 miR- 
221/222 

 ↑  Colorectal cancer  RelA  [ 78 ] 

 miR-26b  ↓  Hepatocellular 
carcinoma 

 Tak1 and Tab3  [ 79 ] 

 miR-29b  ↓  Multiple myeloma  Socs-1  [ 80 ] 
 miR-30c- 
2-3p 

 ↓  Breast cancer  Tradd  [ 81 ] 

 miR-301a  ↑  Pancreatic cancer  Nkrf  [ 82 ] 
 miR-31  ↓  Leukemia  NIK  [ 83 ] 
 miR-342-3p  ↓  Hepatocellular 

carcinoma 
 NF-κB, IKKγ, Tab2, and 
Tab3 

 [ 84 ] 

 miR-362  ↑  Gastric cancer  Cyld  [ 85 ] 
 miR-372  ↑  Gastric cancer  Tnfi p1  [ 86 ] 
 miR-448  ↓  Breast cancer  Satb1  [ 87 ] 
 miR-451  ↓  Hepatocellular 

carcinoma 
 IKK β   [ 88 ] 

 miR-491  ↓  Hepatocellular 
carcinoma 

 GIP-1  [ 89 ] 

 miR-500  ↑  Gastric cancer  Taxibp1, and Ptud7b  [ 90 ] 
 miR-520b  ↓  Breast cancer  Hbxip and IL-8  [ 91 ] 
 miR-520e  ↓  Hepatocellular 

carcinoma 
 NIK  [ 92 ] 

 miR-657  ↓  Hepatocellular 
carcinoma 

 Tle1  [ 93 ] 

 miR-7  ↓  Hepatocellular 
carcinoma 

 RelA and IKKε  [ 94 ] 

 miR-708  ↓  Leukemia  IKK β   [ 95 ] 
 miR-9  ↓  Melanoma  NF-κB1  [ 96 ] 
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mechanistic studies, the authors found that miR-892b directly targets TRAF2, 
TAK1, and TAB3, thereby inhibiting NF-κB signaling. 

 In summary, an increasing body of evidence suggests a signifi cant involvement 
of miRNAs in the modulation of NF-κB activation in various cancer types. In addi-
tion to the miRNAs introduced above, numerous other miRNAs have also been 
shown to contribute to NF-κB signaling associate with cancer biology (see 
Table  12.1 ). Of note, these miRNAs are found to target expression of gene regula-
tors in the NF-κB signaling network, therefore underscoring the importance of post-
transcriptional regulation of miRNAs in modulating NF-κB signaling. Nevertheless, 
although this layer of regulation has been widely investigated over the past years, 
how the complex regulatory networks control miRNAs and NF-κB signaling 
remains elucidated. A better understanding of whether the miRNA-based regulatory 
mechanism is truly essential for the oncogenic role of NF-κB signaling will benefi t 
future development of miRNA-targeted anticancer strategies.

12.4.2         Long Noncoding RNAs (lncRNAs) in NF-κB Signaling 

 Long noncoding RNAs (lncRNAs) represent a class of endogenous cellular RNAs 
longer than 200 bases in size, which neither possess the capacity of encoding 
proteins nor exert biological functions of being translated into proteins. Numerous 
lncRNAs have been identifi ed to be key players in various physiological and 
pathological processes, including tumor formation and metastasis [ 7 ]. Unlike 
miRNAs, which generally display similar lengths (mostly 20–25 nt) and interspecies 
conservation in sequences and alter gene expression mainly through two most 
common mechanisms, i.e., mRNA degradation and translational suppression, 
lncRNAs, whose lengths are highly variable, are far less conserved among species. 
Furthermore, it is essentially noteworthy that distinct molecular mechanisms are 
utilized by different lncRNAs to mediate their biological functions [ 8 ]. In this 
context, various examples of mechanistic basis upon which lncRNAs contribute to 
alterations of gene expression or gene functions have been reported. To illustrate a 
few, lncRNAs can function as scaffolds for the assembly of other molecular 
components, thereby forming a complex to execute specifi c functions [ 97 ]. They 
can also guide ribonucleoprotein complexes to specifi c loci and eventually modu-
late gene expression either in an in cis or in trans manner [ 98 ]. Moreover, lncRNAs 
can act as decoys to bind transcriptional factors, splicing proteins or miRNAs, thus 
changing the expression of their affected genes [ 99 ,  100 ]. In addition, they are able 
to modify epigenetic regulation via interacting with chromatin-modifying complexes 
[ 101 ]. While the abovementioned modes of lncRNA action have been widely 
recognized in the fi eld, understanding additional molecular and biological scenarios 
in which lncRNAs function as cancer-promoting or cancer-suppressive molecules 
will help address the complexity of cancer biology and develop more potentially 
effective anticancer strategies. 
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 As recent advances in sequencing technology would facilitate identifi cation of 
additional bioactive lncRNAs and their roles in biological events key to the 
pathogenesis of human disease, it is of great signifi cance to explore whether, and 
how, lncRNAs are involved in modulating NF-κB signaling in the context of cancer 
biology. Interestingly, several recent studies have demonstrated that lncRNAs 
indeed are an important class of molecular modifi ers of the signaling network, and 
typical examples of interactions between lncRNAs and NF-κB signaling are sum-
marized below. 

12.4.2.1     NF-κB Interacting lncRNA (NKILA) 

 The most direct connection between a cancer-related NF-κB activation and lncRNA 
overexpression is derived from a study on the inhibition of IκB, a pivotal negative 
regulator of NF-κB signaling. IκB binds to and sequesters NF-κB in the cytoplasm 
until specifi c signals stimulate the cells and subsequently induce the phosphoryla-
tion of IKK, which in turn phosphorylates IκB and leads to its degradation. The 
removal of IκB liberates NF-κB and subsequently leads to NF-κB translocation into 
the nucleus, resulting in transcriptional activation of target genes. Given that the 
stimuli- induced activation of IKK persists far longer than activation of NF-κB 
[ 102 ], in combination with notion that a basal activity of IKK is suffi cient to phos-
phorylate NF-κB-bound IκB [ 102 ], it appears that other factors might be involved in 
protecting NF-κB-bound IκB from being phosphorylated by IKK. Liu et al. identi-
fi ed a lncRNA, designated NF-κB interacting lncRNA (NKILA), during a search for 
infl ammatory cytokine-upregulated lncRNAs in breast cancer cells. NKILA inhibits 
IκB phosphorylation by directly masking IKK phosphorylation motifs of IκB, 
thereby suppressing IκB phosphorylation and the subsequent activation of 
NF-κB. Further study revealed that NKILA binds p65 at two distinct sites in the 
presence of IκB α , thus forming a stable NKILA/NF-κB/IκB α  complex. Moreover, 
in infl ammatory stimuli-stimulated breast epithelial cells, NKILA is key to the inhi-
bition of NF-κB overactivation. The results of this research highlight the important 
negative feedback regulatory role of NKILA in NF-κB signaling [ 103 ].  

12.4.2.2     P50-Associated COX-2 Extragenic RNA (PACER) 

 To study novel regulatory mechanisms of COX-2 transcription in cells prone to 
tumorigenesis, Emerson et al. found a nuclear antisense long noncoding RNA (p50- 
associated COX-2 extragenic RNA), which is expressed in the upstream region of 
COX-2. PACER physically interacts and sequesters NF-κB p50 from binding the 
COX-2 promoter, which facilitates the exchange of p50/p50-repressive homodimers 
for p65/p50 heterodimers, recruitment of p300 histone acetyltransferase, increased 
chromatin accessibility, and assembly of RNA polymerase II initiation complexes, 
suggesting that PACER constitutes a new layer of COX-2 transcriptional modulation 
in cancer and infl ammation [ 104 ].   
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12.4.3     BRAF-Activated Noncoding RNA (BANCR) 

 The study by Zhang et al. [ 105 ] showed that the expression of BRAF-activated 
noncoding RNA (BANCR) was signifi cantly elevated in gastric cancer tissue and 
cell lines. Silencing BANCR retarded gastric cancer cell growth and enhanced cell 
apoptosis. Mechanistically, BANCR decreases NF-κB1 (p50/105). Moreover, 
miR-9 is involved in the regulation of NF-κB1 by BANCR. 

 So far, only several lncRNAs have been reported to have essential roles in regu-
lating NF-κB signaling in cancer cells. However, with regard to the roles of lncRNAs 
in controlling expression of genes at all levels, discovery of interplays between 
lncRNAs and NF-κB signaling is emerging [ 106 ]. It is likely that more lncRNAs 
will be found to directly infl uence the key components of NF-κB signaling in cancer 
cells. Moreover, understanding the roles of lncRNAs in microenvironmental stro-
mal cells, in which lncRNAs activate NF-κB signaling and infl uence the tumor- 
associated microenvironment, might represent a new direction in the investigation 
of the association between lncRNAs and NF-κB signaling. In summary, further 
understanding of the biological signifi cance and functioning of lncRNAs in NF-κB 
signaling and cancer will shed light into the disease etiology, as well as future 
therapeutic strategies.  

12.4.4     Other Noncoding RNAs in Modulation of Cellular 
Signal Transduction and Potential Signifi cance 
in NF-κB Signaling 

 While miRNAs and lncRNAs have been widely recognized as important modulators 
of cellular signal transduction, several other classes of noncoding RNAs, including 
circular RNAs (circRNAs) and PIWI-interacting RNAs (piRNAs), also participate 
in regulating tumor-associated signaling pathways. For example, Hansen et al. 
revealed that a circRNA sponge for miR-7 (ciRS-7), one circRNA with more than 
70 conventional miR-7 binding sites, can effi ciently tether miR-7, leading to 
suppression of miR-7 and enhanced levels of miR-7-targeted genes and their 
associated signaling pathways [ 107 ,  108 ]. Another circRNA, the sex-determining 
region Y (Sry) found in the testis acts as a miR-138 sponge [ 107 ]. Although little is 
known about the function of piRNA in carcinogenesis, research by Fu et al. explored 
the role of piRNA-021285 (piR-021285) in the breast cancer, and they have found 
that piR-021285 can induce methylation in breast cancer-associated genes [ 109 ]. 
Taken together, these data on other noncoding RNAs than miRNA and lncRNA 
warrant further investigation of their potential roles in modulating NF-κB 
signaling.   
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12.5     Potential Therapeutic Implication and Limitation 

 Accumulating evidence has demonstrated that targeting NF-κB signaling in cancer 
cells may represent a new strategy of preventing cancer development or halting 
cancer progression. Moreover, NF-κB overactivation can be associated with resis-
tance to chemotherapy and escape from apoptosis due to the well-recognized effects 
of chemotherapy drugs on activation of NF-κB. For example, treatment of Hela 
cells with SN38 (7-ethyl-10-hydroxycamptothecin) and doxorubicin leads to NF-κB 
activation and suppression of NF-κB activity by IκB α -mut super-repressor resensi-
tizes Hela cell to drug-induced apoptosis [ 110 ]. Given the important roles of NF-κB 
in tumorigenesis and resistance toward chemotherapeutic agents, together with the 
fi ndings that NF-κB can be regulated, fairly precisely, by miRNAs in a variety can-
cer cells, implicating therapeutic possibilities of targeting NF-κB in cancer using 
miRNAs as targets or therapeutic agents. 

 Currently, the most commonly tested in vivo approach to miRNA-based therapy 
is the inhibition of the function of a miRNA using anti-miR oligonucleotides [ 111 ]. 
In order to effi ciently silence dysregulated miRNAs in vivo, the anti-miR 
oligonucleotides need to be chemically modifi ed to improve their biostability and 
binding affi nity. Endogenous mature miRNAs can be sequestered by anti-miRs and 
thereby releasing the target genes. Thus, anti-miRs approach can be designed for 
inhibiting miRNAs which activate NF-κB in malignant cells. Krützfeldt et al. 
showed that chemically modifi ed antisense oligonucleotides, antagomir, can 
effi ciently and specifi cally silence endogenous miRNAs in mice. Intravenous 
injection of antagomirs targeting miRNAs leads to signifi cant suppression of 
corresponding miRNA levels in many tissues, and the effects can be effi cient, 
specifi c, and long lasting [ 112 ]. MiR-21, one of the most widely recognized 
oncomiRs, directly targets the  Pten  gene [ 113 ], a negative regulator of Akt signal-
ing. As Akt activation can be linked to NF-κB signaling, it will be of interest to 
investigate whether targeting miR-21 could attenuate NF-κB signals. In this con-
text, while studies have focused on targeting miR-21 by specifi c, synthetic oligo-
nucleotides, in vivo tests are needed to validate the effi cacy [ 114 ,  115 ]. In addition 
to the aforementioned antagomirs, miRNA sponges that carry multiple complemen-
tary binding sites of a specifi c miRNA or miRNA family have been shown to sup-
press expression of specifi c miRNAs in in vitro as well as animal experiments, their 
effectiveness in human cancers needs further preclinical and clinical investigation 
[ 116 ]. 

 Meanwhile, restoring miRNA function can be of therapeutic potential against 
diseases in which downregulation of a specifi c miRNA plays a pivotal role in the 
pathogenesis, including cancer. Approaches to such purposes include use of 
synthetic double-stranded miRNAs with chemical modifi cations or viral vector- 
based overexpression [ 117 ]. In the context of antagonizing NF-κB signaling, phar-
macological administration of a miRNA that inhibits NF-κB activities may be of 
therapeutic signifi cance against NF-κB stimulated cancer progression and chemore-
sistance. Of note, one specifi c miRNA might be able to target multiple components 
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of the NF-κB signaling pathway, as demonstrated in previous studies, including our 
own. For instance, miR-7 can directly target RelA and IKKε and inhibit NF-κB 
signaling in gastric cancer [ 94 ], and therefore re-expressing miR-7 may provide 
advantages in targeting multiple modulators of NF-κB signaling simultaneously. 

 It is of particular note that in a double-stranded miRNA mimic, the guide strand 
has sequence identical to the target miRNA, and the complementary strand can be 
modifi ed with chemical groups to improve cellular uptake. Moreover, chemical 
modifi cations of the complementary strand, such as 5’-O-methylation, can prevent 
the loading of RISC [ 118 ]. In addition to chemically modifi ed miRNA mimics, 
viral-vectors delivery systems, including lentivirus, adenovirus, and adeno- 
associated viruses (AAV), can also be used to express a given miRNA [ 119 ,  120 ]. 
Several in vivo replacement therapies have been tested and shown promising results 
[ 121 ]. For example, systemic treatment of a mouse model of non-small cell lung 
cancer with miR-34a and let-7 mimics results in a signifi cant suppression of 
tumorigenesis [ 122 ]. Development of safe, effi cacious delivery technologies will be 
key to the eventual success of miRNA-based intervention of NF-κB signaling in the 
clinic.     
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    Chapter 13   
 Noncoding RNAs Regulating p53 and c-Myc 
Signaling                     

     Yide     Mei      and     Mian     Wu    

    Abstract     p53 is one of the most important tumor suppressors and is known to play 
critical roles in the process of tumor development. Similarly, as an important proto- 
oncogenes, c-Myc is activated in over half of human cancers. Both p53 and c-Myc 
participate in almost every crucial decision of almost every cell. Therefore, it is 
utmost important to gain a better understanding of how they affect multiple cellular 
processes. The physiological and pathologic patterns of p53 and c-Myc regulations 
are modulated by a large number of cis-elements and transfactors (RNAs and pro-
teins). These elements and factors are composed of a complicated network of intra-
cellular and extracellular pathways. How the noncoding RNAs are involved in their 
regulations has not been comprehensively reviewed. In this chapter, we will list and 
describe recently published important noncoding RNAs including microRNAs and 
long noncoding RNAs, which act as effectors and regulators for both p53 and c-Myc 
regulation. The purpose of this chapter is to provide a recent progress of noncoding 
RNA in the regulation of p53 and c-Myc on network of cellular signaling and its 
potential implications in both basic science and clinical application.  

  Keywords     p53   •   miRNA   •   c-Myc   •   Noncoding RNA  

13.1       Introduction 

 The p53 tumor suppressor maintains the normal cell growth and genomic stability 
in check by either imposing the cell cycle arrest or inducing apoptosis in response 
to DNA damage or other types of cellular stress [ 1 ,  2 ]. The importance of p53 as a 
tumor suppressor is highlighted by the fact that p53 is inactivated in more than half 
of all human cancers. p53 has been implicated in the regulation of various cellular 
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processes, including cell proliferation, cell senescence, and cell metabolism. The 
majority of the p53 downstream effectors are mediated by its intrinsic nature as a 
master transcriptional factor. Similarly, the importance of c-Myc as an important 
oncogene is highlighted by the fact that c-Myc is activated in more than half of 
human cancers [ 3 ]. Many mechanisms involved in c-Myc activation during tumori-
genesis include gene amplifi cation, chromosomal rearrangement, and point muta-
tions in the coding sequence. It has been recognized that c-Myc has the potent 
transforming ability to promote tumorigenesis [ 4 ]. Therefore, it is not surprising 
that c-Myc expression is under the tight control in normal cells [ 5 ]. For instance, 
c-Myc is an immediate early gene and its transcription is controlled at the level of 
initiation in response to a range of growth stimuli. In addition, c-Myc mRNA is 
highly unstable, and the export and translation of c-Myc mRNA are also tightly 
controlled in the cell. Furthermore, c-Myc is a short-lived protein, and its protein 
stability is regulated by multiple E3 ubiquitin ligases, among which SCF (Skp- 
Cullin- F-box)-Fbw7 (F-box and WD repeat domain-containing 7) is the best- 
characterized E3 ubiquitin ligase for c-Myc [ 6 ]. Once these control mechanisms are 
compromised, c-Myc becomes dysregulated, thus leading to the tumor initiation 
and progression. As emerging roles of microRNAs and long noncoding RNAs in 
cancer research have opened exciting new areas in p53 and c-Myc investigations, it 
is necessary to have a review on recent progress in the regulation of noncoding RNA 
in networks for physiological or pathological signaling pathways including the 
tumor suppressor p53 and the oncogene c-Myc.  

13.2     Noncoding RNAs Regulating p53 Signaling 

 Due to its potent antiproliferative effect, p53 is under extraordinarily tight regula-
tions involving mRNA stability, protein translation, and posttranslational modifi ca-
tions in healthy cells. The best-known negative regulator of p53 is Mdm2, which is 
the principle E3 ubiquitin ligase for p53 and targets p53 for rapid degradation 
through the ubiquitin-proteasome pathway [ 7 ]. Upon cellular stress, p53 is stabi-
lized and binds to a consensus response element (p53 RE) in the promoter of p53 
target genes, leading to their transcriptional activation. Among them, p21 is a well- 
known cell cycle regulator. In addition to the protein-coding genes, noncoding 
RNAs are emerging as a novel class of p53 target genes. Also, noncoding RNAs are 
able to regulate p53 function and serve as p53 regulators [ 8 ]. Due to the importance 
of p53 in cancer initiation and development, it is conceivable that the p53-related 
noncoding RNAs are critical players in the regulation of tumorigenesis via control-
ling the p53 signaling pathway, and also these noncoding RNAs may represent as 
potential diagnostic markers and therapeutic targets for cancer treatment. Here, we 
will overview the role of noncoding RNAs, particularly lncRNAs and miRNAs, in 
the regulation of p53 signaling network in cancer. 
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13.2.1     Long Noncoding RNAs Regulating p53 Signaling 

 Increasing evidence suggests that lncRNAs play an important role in the regulation 
of various cellular processes. Dysregulation of lncRNAs has been implicated in a 
number of human diseases, including cancer [ 9 ]. LncRNAs can function as onco-
genic and tumor-suppressive genes. In particular, a strong correlation between 
lncRNAs and the p53 pathway has been pointed out in a number of models both 
in vitro and in vivo [ 10 ]. Some lncRNAs are involved in the regulation of p53 
expression, whereas some others are p53 targets and direct effectors of p53 signal-
ing. For the sake of simplicity, we have classifi ed the p53-related lncRNAs as “p53 
effectors” and “p53 regulators” in this review. 

13.2.1.1     Long Noncoding RNAs as Effectors of p53 Signaling 

 Given that p53 is a master transcriptional factor, several high-throughput technolo-
gies including lncRNA-specifi c microarray, genome-wide ChIP-seq and RNA-seq 
analyses have been applied to identify novel p53-responsive lncRNAs [ 11 ,  12 ]. 
Dozens of lncRNAs have been uncovered as bona fi de p53 transcriptional targets. 
Here, we present a few representative examples of p53-regulated lncRNAs that act 
as effectors of p53 signaling in cancer. 

   LincRNA-p21 

 By performing a tiling microarray analysis, Huarte et al. have identifi ed a set of 
p53-responsive lncRNAs [ 13 ]. Among them, lincRNA-p21 was induced in mouse 
cells where p53 was selectively activated. LincRNA-p21 is located approximately 
15 kb upstream of CDKN1A gene (p21) mapped to mouse chromosome 17 and 
human chromosome 6 [ 14 ] and serves as a repressor in the p53 pathway because 
knockdown of lincRNA-p21 affects the expression of hundreds of target genes that 
are normally repressed by p53. LincRNA-p21 functions through interaction with 
hnRNP-K and is required for p53-triggered apoptosis. By using a lincRNA-p21 
conditional knockout mouse model, it has been recently shown that lincRNA-p21 
infl uences the p53 pathway by predominantly acting in cis to activate expression of 
its neighboring gene, CDKN1A (p21) [ 15 ]. Together, these fi ndings demonstrate 
lincRNA-p21 as an important mediator of p53 activity. 

 Despite the limited sequence homology, the human counterpart of mouse lin-
cRNA- p21 has been identifi ed and appears to be downregulated in multiple tumor 
types [ 16 ]. Unlike mouse lincRNA-p21 that is predominantly localized in the 
nucleus [ 13 ], human lincRNA-p21 is mainly localized in the cytosol [ 17 ,  18 ]. The 
human lincRNA-p21 is able to interact with the RNA-binding protein HuR, through 
which lincRNA-p21 regulates target mRNA translation [ 17 ]. Also, the human lin-
cRNA- p21 is a hypoxia-responsive lncRNA and is essential for hypoxia-enhanced 
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glycolysis [ 18 ]. p53 is known to be a reprogramming blocking factor, and recently, 
Bao X et al. have reported that p53-regulated lincRNA-p21 prevents somatic cell 
reprogramming by sustaining H3K9me3 and CpG methylation at pluripotency gene 
promoters [ 19 ].  

   PANDA 

 By using an ultrahigh density array, PANDA (p21-associated ncRNA DNA damage 
activated) has been identifi ed as a p53-regulated lncRNA that is involved in cell 
cycle progression and apoptosis [ 20 ]. PANDA is located 5 kb upstream of the 
CDKN1A gene promoter. p53 can bind to a single p53 RE located between 
CDKN1A and PANDA divergent promoters [ 20 ,  21 ]. As a result, PANDA expres-
sion is induced upon DNA damage in a p53-dependent manner. Upon induction, 
PANDA interacts with and sequesters the transcriptional factor NF-YA to limit 
expression of proapoptotic genes such as APAF1, BIK, and FAS. Suppression of 
PANDA strongly sensitizes human fi broblasts to DNA damage-induced apoptosis 
[ 20 ]. These fi ndings indicate that PANDA is a p53 downstream effector in response 
to DNA damage to inhibit apoptosis. However, since PANDA-sequestered NF-YA 
can control the expression of both proapoptotic and anti-apoptotic genes depending 
on the cellular context, it is not surprising that PANDA also shows the antiprolifera-
tive activity in addition to the abovementioned anti-apoptotic function. For instance, 
low expression of PANDA has been linked to the progression of non-small cell lung 
carcinoma (NSCLC). Downregulation of PANDA allows NF-YA to upregulate anti- 
apoptotic gene Bcl2 expression and promotes cell survival [ 21 ]. Altogether, these 
fi ndings suggest an intriguing role of PANDA as a p53 target in orchestrating the 
delicate balance between apoptosis and cell survival in response to different cellular 
stresses.  

   Loc285194 

 Loc285194 is an lncRNA located at chromosome 3q13.31. This locus harbors fre-
quent focal copy number alterations (CNAs) and loss of heterozygosity (LOH) in 
primary osteosarcoma samples [ 22 ], indicating loc285194 is a tumor suppressor. In 
support of this, downregulation of loc285194 has been found in several cancer types 
[ 23 ,  24 ]. Loc285194 is a p53 transcriptional target [ 23 ]. Ectopic expression of 
loc285194 inhibits tumor cell growth both in vitro and in vivo. Mechanistically, 
loc285194 exerts its tumor-suppressive function via acting as a molecular sponge 
for miR-211, which has been known to promote cell growth. These fi ndings suggest 
that loc285194 is a p53-regulated tumor suppressor.  
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   TUG1 

 TUG1 (taurine upregulated gene 1) was originally identifi ed as an important regula-
tor of murine retina differentiation [ 25 ]. More recently, TUG1 has been character-
ized as a p53 transcriptional target [ 26 ]. TUG1 controls gene expression via acting 
as a molecular scaffold to recruit the chromatin-modifying complexes PRC1 or 
PRC2 [ 27 ,  28 ], indicating an intriguing possibility that p53 may regulate a specifi c 
set of protein-coding gene expression via TUG1. Functionally, TUG1 has been 
shown to regulate cell proliferation in several tumor types. Downregulation of 
TUG1 is associated with poor prognosis of non-small cell lung cancer, whereas in 
esophageal squamous cell carcinoma, upregulation of TUG1 promotes cell prolif-
eration [ 26 ,  29 ]. This discrepancy may be explained by lncRNA tissue specifi city or 
tumor heterogeneity (e.g., p53 status).  

   p53-Related eRNAs 

 eRNAs are a class of noncoding RNAs transcribed from the DNA sequence of 
enhancer regions [ 30 ]. A recent study has shown that genome-wide p53 binding 
occurs predominantly within enhancer regions in both human and mouse model 
system [ 31 ]. This data strongly suggest that p53 may regulate enhancer activity. The 
ability of p53 to modulate enhancer activity provides an additional layer of com-
plexity to the p53 network. Intriguingly, several eRNAs, including DUSP4, PAPPA, 
and IER5, are expressed in a p53-dependent manner. Such p53-regulated eRNAs 
are required for effi cient transcriptional enhancement of interacting target genes and 
induction of p53-dependent cell cycle arrest [ 32 ]. Together, these fi ndings suggest 
that p53 may be able to regulate a specifi c set of target gene expression via eRNAs.   

13.2.1.2     Long Noncoding RNAs as Regulators of p53 Signaling 

 Although gene expression is regulated at both the transcriptional and posttranscrip-
tional levels and lncRNAs are capable of modulating gene transcription, the evi-
dence of lncRNA-mediated transcriptional regulation of p53 is still lacking. Here, 
we will discuss several lncRNAs that have been reported to regulate p53 expression 
at the posttranscriptional level. 

   MALAT1 

 Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) was originally 
reported to be upregulated in lung cancer [ 33 ] and subsequently shown to be over-
expressed in several other cancer types including breast cancer and colon cancer 
[ 34 ]. Ectopic expression of MALAT1 enhances cell proliferation in vitro and pro-
motes tumor formation in nude mice. Evidence from MALAT1 knockout model 
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reveals that MALAT1 promotes metastasis of lung cancer through regulating 
expression of metastasis-related genes [ 35 ]. These studies strongly suggest that 
MALAT1 possess an oncogenic activity. Of great interest, MALAT1 serves as a 
repressor of p53 [ 36 ]. Depletion of MALAT1 in human fi broblasts activates double- 
stranded DNA damage response resulting in the induction of p53 and its down-
stream target genes. Correlated with p53 activation, MALAT1-depleted human 
fi broblasts exhibit the phenotype of G1 cell cycle arrest [ 36 ]. However, it is still 
unclear that the observed defects in cell cycle progression are due to the deregula-
tion of p53. Therefore, it would be interesting and important to determine whether 
MALAT1 exerts its oncogenic activity through regulating the p53 pathway in the 
future.  

   MEG3 

 As an imprinted gene, maternally expressed gene 3 (MEG3) has been found to be 
downregulated in various types of human cancers [ 34 ]. Ectopic expression of MEG3 
markedly inhibits growth of human cancer cells [ 37 ]. These studies suggest that 
MEG3 functions as a tumor suppressor. Of note, MEG3 is able to active p53 and 
stimulate p53-mediated gene expression [ 38 ]. To induce p53 expression, MEG3 
appears to act through an indirect mechanism by suppressing Mdm2 levels and 
attenuating the inhibitory effect of Mdm2 on p53. However, it is still unknown how 
MEG3 downregulates Mdm2 expression. Intriguingly, MEG3-stimulated p53 tran-
scription is selective, since MEG3 enhances expression of growth differentiation 
factor 15 (GDF15) by promoting p53 binding to its promoter, whereas expression of 
other p53 targets, like p21, is unaffected [ 38 ]. Therefore, it would be interesting to 
investigate whether and how MEG3 directs p53 binding to its specifi c target gene 
promoters.  

   Wrap53 

 WD repeat containing, antisense to p53 (Wrap53) is a natural antisense transcript of 
p53 [ 39 ]. Wrap53 is located upstream of the p53 gene on the opposite strand. 
Wrap53 gene is transcribed as three different isoforms, α, β, and γ, but only the α 
form, containing a complementary sequence to the fi rst exon of p53, is able to regu-
late p53 expression [ 39 ]. The other two isoforms β and γ lacking this sequence fail 
to affect p53 levels. Functionally, knockdown of Wrap53 abrogates p53 induction in 
response to DNA damage, whereas ectopic expression of Wrap53 potentiates 
p53-dependent apoptosis [ 39 ]. Since Wrap53 and p53 mRNAs are able to form an 
RNA-RNA duplex, it has been speculated that this RNA-RNA interaction is required 
to stabilize the p53 transcript. Interestingly, a recent study has shown that CCCTC- 
binding factor (CTCF) is able to physically interact with Wrap53 and thereafter 
affect p53 levels [ 40 ], reinforcing the important role of Wrap53 in the regulation of 
p53 expression.  

Y. Mei and M. Wu



343

   ROR 

 Regulator of reprogramming (ROR) was originally identifi ed as a promoting factor 
of somatic cell reprogramming via attenuating p53-dependent apoptosis [ 41 ]. 
Further studies have demonstrated that ROR plays a special role in the p53 signaling 
network, since ROR not only regulates p53 protein expression but ROR itself is also 
regulated by p53 [ 42 ]. ROR represses p53 translation through a direct interaction 
with heterogeneous nuclear ribonucleoprotein I (hnRNP I). A 28-base ROR 
sequence with hnRNP I-binding ability is essential and suffi cient for p53 repres-
sion. Functionally, ROR inhibits p53-mediated cell cycle arrest and apoptosis. On 
the other side, p53 binds to the p53-responsive element (p53 RE) in the ROR pro-
moter and activates ROR expression. These fi ndings suggest an existence of a 
unique autoregulatory feedback loop between p53 and ROR, through which p53 
expression is delicately controlled in response to various cellular stresses. 

 In summary, the detailed regulations for long noncoding RNA as either p53 
effectors or regulators are far more complicated than we have anticipated, and the 
listed examples above are just one aspect of these multifaceted investigations. 
Examples listed in the contents above are outlined in Fig.  13.1 .

13.2.2          MiRNAs Regulating p53 Signaling 

 MiRNAs are small noncoding RNAs that regulate gene expression at the posttran-
scriptional level [ 43 ]. Dysregulation of miRNAs has been linked to a variety of 
human diseases including cancer [ 44 ]. Over the last decade, a growing number of 
miRNAs have been involved in the regulation of p53 signaling pathway [ 45 ,  46 ]. 
These noncoding RNAs join the p53 network either as effectors or regulators. More 
interestingly, some of the p53-regulated miRNAs are involved in complex feedback 
loops, through which miRNAs either amplify or fi ne-tune p53 signaling in response 
to different cellular stresses. 
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13.2.2.1     MiRNAs as Effectors of p53 Signaling 

 Since miR-34 was identifi ed as the fi rst p53 target miRNA gene, more than dozens 
of p53-regulated miRNAs have been discovered. We here focus on the miRNAs that 
act as effectors of p53 signaling in cancer. MiR-34 is able to induce p53-dependent 
apoptosis, cell cycle arrest, and senescence [ 47 – 52 ]. MiR-34 acts to induce cell 
cycle arrest by suppressing expression of a batch of cell cycle-related factors, 
including E2F3, cyclin E2, CDK4/6, and c-Myc. In addition, miR-34 can promote 
apoptosis in response to p53 activation through inhibiting expression of a number 
of anti-apoptotic proteins, including Bcl2 and DcR3. Besides, miR-34 is also 
involved in the regulation of other cellular processes, such as cell metabolism, epi-
thelial to mesenchymal transition (EMT), and angiogenesis, all of which are of 
central importance to cancer cell biology. For instance, miR-34 regulates metabolic 
processes such as glycolysis and lipid metabolism through targeting LDHA, Sirt1, 
ASCL1, and ASCL4 [ 53 ]. Given the strong tumor-suppressive ability of miR-34, it 
is not surprising that miR-34 is downregulated in various cancer types [ 47 ,  48 ]. 
However, in contrast to p53-defi cient mice, miR-34 knockout mice do not display 
increased susceptibility to spontaneous, irradiation-induced, or c-Myc-initiated 
tumorigenesis [ 54 ], indicating that miR-34 alone is not suffi cient to mediate the 
potent tumor-suppressive function of p53. 

 Other miRNAs acting as p53 effectors include miR-15a/16, miR-107, miR-205, 
miR-145, miR-192/215, and miR-200 family members. Soon after the discovery of 
miR-34, miR-192/215 were found to induce cell cycle arrest in response to p53 
activation by targeting several G1 and G2 checkpoint proteins, including CDC7, 
Cul5, and LMNB2 [ 55 ]. MiR205 was also shown to reduce cell cycle progression 
by targeting E2F1 in response to p53 activation [ 56 ]. 

 As the p53 transcriptional target, miR-15a/16 has been implicated in targeting 
genes involved in various p53 signaling pathways, such as apoptosis, cell cycle 
progression, cell proliferation, migration, and invasion. MiR-15a/16 deletion has 
been found in several tumor types, including non-small cell lung cancer and pros-
tate cancer [ 57 ]. The miR-200 family members have been associated with 
p53-regulated signaling pathways and also play an important role in suppressing 
cancer metastasis through direct targeting of genes including ZEB1/2, SOX2, and 
VEGF [ 58 ,  59 ]. MiR-107 contributes to the function of p53 in the regulation of 
angiogenesis and hypoxic signaling through the targeting of HIF-1β. MiR-107 is 
also able to induce G1 cell cycle arrest through suppression of CDK6 and RBL2 
expression. Functionally, ectopic expression of miR-107 inhibits both tumor 
growth and angiogenesis in mouse colon cancer models [ 60 ,  61 ]. p53 directly 
binds to the p53 RE in the miR-145 promoter and induces its expression. Upon 
induction, miR-145 targets and negatively regulates expression of several cell 
cycle regulators including c-Myc and CDK4/6 [ 62 ], thereby leading to the inhibi-
tion of tumor cell proliferation. 

 Interestingly, some miRNAs are transcriptionally suppressed rather than induced 
by p53. For instance, the miR-17-92 cluster can be transcriptionally repressed by 
p53 in response to hypoxia, sensitizing cells to hypoxia-induced apoptosis [ 63 ]. In 
addition to regulating miRNA expression transcriptionally, p53 can also control 
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miRNA expression posttranscriptionally by modulating miRNA processing and 
maturation [ 64 ]. p53 has been shown to interact with the Drosha complex and pro-
mote the cleavage of pri-miRNAs to pre-miRNAs. It has also been reported to affect 
miRNA target gene selection via the regulation of the RNA-binding protein RBM38 
[ 65 ]. Furthermore, although most p53-regulated miRNAs function as tumor sup-
pressors, some potentially act as oncogenes. MiR-194 is transcriptionally upregu-
lated by p53 and is able to target thrombospondin-1, leading to increased tumor 
angiogenesis [ 66 ]. In addition, the anti-apoptotic miR-149* has been shown to sup-
press expression of GSK-3α in response to p53 activation, resulting in increased 
expression of Mcl-1 and consequent resistance of melanoma cells to apoptosis [ 67 ].  

13.2.2.2     MiRNAs as Regulators of p53 Signaling 

 In addition to being the p53 targets, miRNAs are able to regulate p53 expression. 
miRNAs contribute to the tight control of p53 by either directly interacting with the 
3’-UTR of p53 mRNA or indirectly downregulating p53 regulators. 

 Those miRNAs that bind p53 directly and function in a p53-repressive manner 
include miR-125b, miR-504, miR-33, miR-1285, miR-30d, miR-25, and miR-380 
[ 68 ]. Due to the strongly tumor-suppressive function of p53, these p53-repressive 
miRNAs may be clinically relevant oncogenes. For example, miR-125b nega-
tively regulates p53 expression by binding to the 3’-UTR of p53, resulting in 
decreased apoptosis [ 69 ]. In contrast, knockdown of miR-125b increases p53 pro-
tein levels and induces apoptosis. MiR-125b also targets many other genes 
involved in the p53 signaling pathway. By using a gain- and/or loss-of-function 
screen for miR-125 targets, in humans, mice, and zebra fi sh, miR-125b has been 
found to directly control at least 20 genes in the p53 network. Among them are 
modulators of apoptosis, such as Puma, Igfbp3, and Bak, and also several cell 
cycle regulators, including Cdc25C and cyclin C [ 70 ]. In colorectal cancers, ele-
vated expression of miR-125b is associated with increased tumor size and inva-
sion and correlated with poor prognosis and decreased survival. Also, the 
miR-125b gene is inherently activated by a chromosomal translocation t(11;14) 
(q24;q32) in human B-cell precursor acute lymphoblastic leukemia (BCP-ALL). 
Eu/miR-125b transgenic mice with miR-125b overexpression develop lethal 
B-cell malignancies with clonal proliferation [ 71 ]. These studies indicate miR-
125b as a potential oncogene. However, miR-125b has also been shown to func-
tion as a tumor suppressor in breast cancer [ 72 ], suggesting that miR-125b may 
exert its function in a context-dependent fashion. 

 MiR-504, miR-33, and miR-1285 downregulate p53 levels through two seed 
match sequences in the 3’-UTR of p53 [ 73 ]. Ectopic expression of these miRNAs 
attenuates p53-mediated cell cycle arrest and apoptosis and promotes tumorigenesis 
in colon cancer models. MiR-30d and miR-25 are also able to decrease p53 levels 
by directly binding to its 3’-UTR [ 74 ], leading to the impaired downstream effects 
of p53, such as senescence, apoptosis, and cell cycle arrest. It has been observed that 
miR-30d and miR-25 are upregulated in multiple myelomas, which exhibit a con-
comitant downregulation of p53 expression. Additionally, the miR-30d gene is 
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amplifi ed in more than 30% of multiple types of human solid tumors (n = 1283), and 
enhanced expression of miR-30d is associated signifi cantly with poor clinical out-
comes in ovarian cancer patients [ 75 ]. MiR-380 is found to repress p53 levels via a 
conserved sequence in the p53 3’-UTR in neuroblastomas commonly harboring 
wild-type p53. Neuroblastomas with elevated miR-380 expression have showed 
decreased patient survival. MiR-380 overexpression cooperates with H-Ras oncop-
rotein in transformation, blocks oncogene-induced senescence, and promotes tumor 
formation in mice [ 76 ]. Furthermore, in vivo delivery of a miR-380 antagonist 
decreases tumor size in an orthotopic mouse model of neuroblastoma. Intriguingly, 
a recent study has found hundreds of novel somatic mutations in the 3’-UTR of p53 
from B-cell lymphoma patients, and the seed match binding sites of 8 out of 11 
p53-targeting miRNAs are disrupted by these mutations [ 77 ]. Altogether, these 
studies demonstrate the physiological importance of miRNAs in suppressing p53 
tumor-suppressive function. 

 In addition to abovementioned miRNAs that directly repress p53, a number of 
miRNAs have been discovered to activate p53 by directly repressing Mdm2, such as 
miR-192, miR-194, miR-605, miR-25, miR-32, miR-143, miR-145, miR-660, and 
miR-661 [ 68 ]. Almost all of these miRNAs are able to inhibit cancer cell proliferation 
via promoting p53-mediated apoptosis, senescence, and/or cell cycle arrest. Some of 
them are also capable of repressing the migration and invasion of cancer cells to 
inhibit cancer metastasis. Other than directly repressing Mdm2, miR-122 indirectly 
decreases Mdm2 activity via the downregulation of cyclin G1 and subsequent inhibi-
tion of the recruitment of the PP2A phosphatase to Mdm2, resulting in increased p53 
levels and activity. In addition to suppressing Mdm2, several miRNAs can also target 
other p53 regulators, such as Sirt1 and HDAC1, and thus control p53 activity [ 45 ]. For 
instance, miR-34a and miR-449 have been shown to target Sirt1, leading to increased 
p53 acetylation and p53-induced apoptosis. Interestingly, some of the miRNAs that 
positively regulate p53 activity, such as miR-192, miR- 194, miR-215, miR-605, miR-
143, and miR-145, are also the transcriptional targets of p53, indicating the existence 
of a positive feedback loop that amplifi es the p53 response to cellular stress.  

13.2.2.3     Feedback Loops Involved in MiRNA-Regulated p53 Signaling 

 It has long been accepted that p53 and Mdm2 form a negative feedback loop, where 
p53 positively regulates Mdm2 by activating its transcription and Mdm2 negatively 
regulates p53 by promoting its ubiquitination and degradation. This feedback regu-
lation has been recognized as a key mechanism in determining the cellular outcome 
in response to p53 activation. Interestingly, the feedback regulation can also be 
achieved by some p53-regulated miRNAs, either positively or negatively [ 73 ]. For 
instance, p53-induced miRNAs miR-192, miR-194, and miR-215 directly inhibit 
Mdm2 expression and protect p53 from Mdm2-mediated degradation [ 78 ,  79 ]. The 
combined ectopic expression of these miRNAs greatly enhances the therapeutic 
effectiveness of Mdm2 inhibitor MI-219 to treat multiple myeloma [ 79 ]. These 
miRNAs have been found to be downregulated in several cancer types, such as 
colorectal cancer and renal cell carcinoma (RCC). Also, miR-215 expression 
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correlates positively with survival of RCC patients. In agreement with the identifi -
cation of Mdm2 as the direct target of miR-192, miR-194, and miR-215, specimens 
from RCC patients exhibit an inversely correlated expression of mdm2 and these 
three miRNAs [ 80 ]. A similar positive feedback loop has been recently described 
for miR-605, which is induced by p53 and is able to negatively regulate Mdm2 
expression [ 81 ]. MiR-143 and miR-145, which belong to the same cluster, have 
been found to directly target Mdm2, and both miRNAs are posttranscriptionally 
upregulated by p53. These two miRNAs are downregulated in head and neck squa-
mous cell carcinoma, while Mdm2 is upregulated in these tumors [ 82 ]. 

 Some p53-regulated miRNAs can also modulate p53 levels by controlling the 
p53 regulators other than Mdm2. For example, as a p53-inducible miRNA, miR-29 
targets and inhibits the expression of Cdc42 and the p85α regulatory subunit of 
PI3K [ 83 ], both of which are p53 negative regulators. In addition, upon DNA dam-
age, miR-29 induced transcriptionally by p53 can upregulate p53 expression by 
targeting Ppm1d phosphatase [ 84 ], which is a negative regulator of p53. An addi-
tional example of a positive feedback loop is the signaling pathway involving p53, 
miR-34a, and Sirt1 [ 85 ]. In response to cellular stress, p53 induces the expression 
of miR-34a, which in turn increases p53 acetylation by targeting Sirt1. The resultant 
increase in p53 activity amplifi es p53-mediated tumor-suppressive signaling to 
accelerate apoptosis, senescence, and cell cycle arrest. 

 Unlike the positive feedback loops discussed above, there are a few examples of 
negative feedback loops between p53 and miRNA. For instance, in glioblastoma, 
miR-25 and miR-32 are downregulated by p53. These two miRNAs can directly 
target Mdm2. Downregulation of Mdm2 by these miRNAs leads to p53 accumula-
tion with subsequent cell cycle arrest, cell proliferation inhibition, and impaired 
tumor formation [ 86 ]. 

 More and more p53-regulated or to-be-regulated microRNAs are emerging as 
important players in various aspects of biological or pathological processes. The 
abovementioned microRNAs involved in p53 signaling are depicted in Fig.  13.2 .
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13.3          Noncoding RNAs Regulating c-Myc Signaling 

 As a master transcriptional factor, c-Myc has been shown to bind to approximately 
10–15% of genes in the genome [ 87 ]. Recent studies also suggest that c-Myc may 
function as a global amplifi er of already active promoters [ 88 ]. It has been shown 
that by modulating expression of a variety of protein-coding genes, c-Myc regulates 
various cellular processes, including cell growth, cell differentiation, cell cycle, cell 
metabolism, and cell transformation. Increasing evidence suggests that noncoding 
RNAs, particularly long noncoding RNAs and miRNAs, play a critical role in the 
regulation of the c-Myc signaling pathway [ 89 ,  90 ]. Long noncoding RNAs and 
miRNAs join the c-Myc network as effectors or regulators. Given the strong tumor- 
promoting effect of c-Myc, these noncoding RNAs may be critical regulators of 
c-Myc-initiated tumorigenesis. Also, these c-Myc-related noncoding RNAs may 
represent as potential diagnostic markers and therapeutic targets for cancer. 

13.3.1     Long Noncoding RNAs Regulating c-Myc Signaling 

 A signifi cant association between c-Myc and lncRNAs has been observed in a wide 
range of cancers. It has been shown that many newly identifi ed lncRNAs are c-Myc 
downstream target genes [ 89 ]. These c-Myc-responsive lncRNAs are able to regu-
late cancer cell proliferation and invasion [ 91 ]. Also, some lncRNAs have been 
reported to regulate c-Myc expression and its function. Here, we will discuss the 
functional role of the c-Myc-lncRNA network in tumorigenesis. 

13.3.1.1     Long Noncoding RNAs as Effectors of c-Myc Signaling 

 By using lncRNA-specifi c microarray and RNA-seq analyses, a great number of 
lncRNAs have been recently identifi ed as direct c-Myc downstream targets [ 92 ]. 
Some of these lncRNAs are indeed oncogenic molecules. Here, we will discuss the 
functional role of several lncRNAs as effectors in mediating c-Myc-initiated 
tumorigenesis. 

   H19 

 The H19 gene, located in the H19/insulin-like growth factor 2 (IGF2) locus, is sub-
jected to genomic imprinting that leads to differential allelic expression of H19 
from maternal allele and IGF2 from the paternal allele [ 93 ]. Aberrant expression of 
H19 has been linked to diverse human cancers. Although H19 was initially described 
as a tumor suppressor, more recent studies suggest H19 as an oncogene because 
H19 is reactivated in various human cancers, such as breast, lung, and cervical can-
cers [ 34 ]. 
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 c-Myc has been shown to induce H19 expression via binding to the H19 pro-
moter [ 94 ]. Knockdown of H19 signifi cantly decreases clonogenicity and anchorage- 
independent growth of breast and lung cancer cells. Moreover, c-Myc and H19 
expression exhibits strong positive correlation in primary breast and lung carcino-
mas [ 94 ]. These fi ndings indicate c-Myc-induced H19 is important for the regula-
tion of tumorigenesis.  

   CCAT1 

 Colorectal cancer-associated transcript 1 (CCAT1) is a highly effective biomarker 
for CRC, and its upregulation is evident through all stages of CRC [ 95 ]. In addition, 
CCAT1 is also upregulated in other cancer types, such as gastric carcinoma. The 
expression of c-Myc and CCAT1 shows a strong association in gastric carcinoma 
[ 96 ]. c-Myc is able to enhance CCAT1 expression by directly binding to its pro-
moter region. In both gastric and colon cancer cells, overexpression of CCAT1 pro-
motes cell proliferation and invasion [ 96 ,  97 ]. These studies suggest that 
c-Myc-activated CCAT1 may contribute to both gastric and colon cancer 
formation.  

   MINCR 

 Myc-induced long noncoding RNA (MINCR) has been recently identifi ed as a 
c-Myc-inducible lncRNA [ 98 ]. MINCR has a strong correlation with c-Myc expres-
sion in cancer. Knockdown of MINCR decreases the binding of c-Myc to the pro-
moters of selective cell cycle genes, leading to reduced expression of these genes 
and resultant cell proliferation inhibition. These fi ndings suggest MINCR as an 
important player in c-Myc-regulated transcriptional network.  

   BCYRN1 

 Brain cytoplasmic RNA 1 (BCYRN1) was originally identifi ed as a 200-nt-long 
noncoding RNA (brain cytoplasmic 200, lncRNA-BC200) that was selectively 
expressed in the primate nervous system. It was later found to be overexpressed in 
cancers from the breast, cervix, esophagus, lung, ovary, parotid, and tongue [ 99 ]. 
The evidences from a recent study have demonstrated that BCYRN1 is also upregu-
lated in non-small cell lung cancer [ 100 ]. c-Myc is shown to bind to the promoter 
region of BCYRN1 gene and increase BCYRN1 expression. Functionally, BCYN1 
is necessary for c-Myc-promoted cell migration and invasion, indicating c-Myc- 
activated BCYN1 may be an oncogenic molecule.   
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13.3.1.2     Long Noncoding RNAs as Regulators of c-Myc Signaling 

 Emerging evidence suggests that lncRNAs are able to regulate gene expression at 
different levels, such as chromatin remodeling, transcription, and posttranscrip-
tional processing. Several lncRNAs have recently been shown to regulate c-Myc 
expression at multiple levels, thus acting as regulators of c-Myc signaling in 
cancer. 

   CCAT1-L 

 Like the abovementioned CCAT1, its alternative splicing isoform CCAT1-L is also 
found to be signifi cantly upregulated in CRC tissue samples compared to their nor-
mal tissue samples. In addition, CCAT1-L is expressed in several CRC-derived cell 
lines but not in non-CRC cell lines. The CCAT1-L transcript is encoded within the 
enhancer region 515 kb upstream of the c-Myc gene. Interestingly, CCAT1-L is able 
to promote c-Myc transcription via establishing an intra-chromosome looping 
between the Myc promoter and its upstream enhancer element [ 101 ]. Knockdown 
of CCAT1-L reduces long-distance interaction between the c-Myc promoter and its 
enhancers, resulting in the reduction of c-Myc transcription, suggesting that 
CCAT1-L functions in cis to regulate c-Myc expression.  

   GHET1 

 Gastric carcinoma high expressed transcript 1 (GHET1) was originally identifi ed as 
a lncRNA that was overexpressed in gastric carcinoma [ 102 ]. It was later found to 
be also upregulated in bladder cancer [ 103 ]. Overexpression of GHET1 is closely 
related to increased tumor size, enhanced tumor invasion, and poor survival in 
patients. Ectopic expression of GHET1 promotes cancer cell proliferation, whereas 
knockdown of GHET1 has the opposite effect. Mechanistically, GHET1 enhances 
the interaction between c-Myc mRNA and insulin-like growth factor 2 mRNA- 
binding protein 1 (IGF2BP1), thereby resulting in the increased stability of c-Myc 
mRNA and expression. Knockdown of c-Myc suppresses the ability of GHET1 to 
promote cancer cell proliferation. Besides, the expression of GHET1 and c-Myc is 
strongly correlated in gastric carcinoma tissues. Altogether, these fi ndings suggest 
that GHET1 promotes tumorigenesis via increasing c-Myc mRNA stability.  

   GAS5 

 Growth arrest-specifi c 5 (GAS5) has been implicated in the regulation of multiple 
cellular processes, including apoptosis, cell cycle arrest, and cell proliferation [ 104 ]. 
Low expression of GAS5 is associated with a poor prognosis in head and neck squa-
mous cell carcinoma. Also, GAS5 is considered as a potential diagnostic marker 
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and therapeutic target for non-small cell lung cancer. Molecular mechanisms of 
GAS5 action include riborepression of certain steroid hormone receptors and 
sequestration of several miRNAs [ 104 ]. A recent study has showed that GAS5 binds 
to c-Myc mRNA and suppresses c-Myc translation via cooperating with the eukary-
otic translation initiation factor 4E (eIF4E) [ 105 ], suggesting that GAS5 may exert 
its tumor-suppressive function through repressing c-Myc expression.  

   PCAT-1 

 Prostate cancer-associated ncRNA transcript 1 (PCAT-1) has been shown to be 
upregulated in prostate cancer. In addition, PCAT-1 is implicated as a prognostic 
biomarker for colorectal cancer metastasis and poor patient survival [ 106 ,  107 ]. 
Ectopic expression of PCAT-1 promotes prostate cell proliferation. This PCAT-1- 
enhanced proliferation is dependent on c-Myc, as knockdown of c-Myc reverses the 
effect of PCAT-1 on cell proliferation. Mechanistically, PCAT-1 posttranscription-
ally regulates c-Myc expression by abrogating the downregulation of c-Myc by 
miR-34a [ 108 ]. These fi ndings indicate an oncogenic role of PCAT-1 in prostate 
cancer proliferation through c-Myc.  

   PVT1 

 Plasmacytoma variant translocation 1 (PVT1) is transcribed from approximately 
100–500 kb downstream of the c-Myc gene locus within the chromosomal region 
8q24.21. It has been shown that overexpression of PVT1 is signifi cantly associated 
with increased metastasis and poor prognosis in many cancers, including breast, 
colon, gastric, and ovarian cancers [ 109 ,  110 ]. By analyzing available databases, it 
has been found that >97% of tumors with amplifi ed 8q24 region show a co-gain of 
c-Myc and PVT1. This PVT1 and c-Myc protein co-amplifi cation is also confi rmed 
in a panel of eight human primary tumors [ 111 ]. Interestingly, knockdown of PVT1 
reduces c-Myc protein levels, leading to inhibited cell proliferation and impaired 
tumor formation. Mechanistically, PVT1 positively regulates c-Myc protein expres-
sion via reducing its phosphorylation at threonine 58 (Thr58) and protecting it from 
proteasome-dependent degradation [ 111 ]. These fi ndings suggest that PVT1 is an 
important regulator of tumorigenesis by controlling c-Myc protein stability.  

   PCGEM 

 Prostate cancer gene expression marker 1 (PCGEM) is a prostate tissue-specifi c 
lncRNA and highly associated with prostate cancer [ 112 ]. Overexpression of 
PCGEM has been found in over 80% of patient prostate tumor specimens. Ectopic 
expression of PCGEM is able to promote cell proliferation, increase colony forma-
tion, and confer resistance to doxorubicin-induced apoptosis [ 113 ]. These fi ndings 
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highly suggest the oncogenic role of PCGEM in prostate cancer. Interestingly, it has 
been recently shown that PCGEM1 functions as a critical regulator of cell metabo-
lism that facilitates the biosynthesis of cellular building materials, thus providing 
growth advantages for cancer cells [ 114 ]. PCGEM1 regulates metabolic reprogram-
ming predominantly by enhancing activation of c-Myc and controlling c-Myc- 
dependent expression of multiple genes involved in the key metabolic pathways. 
The PCGEM-mediated c-Myc activation involves the direct binding of PCGEM to 
c-Myc that facilitates the recruitment of c-Myc to the chromatin target sites [ 114 ]. 
Altogether, these fi ndings uncover PCGEM as a critical regulator of metabolic 
reprogramming of prostate cancer cells by being a coactivator of c-Myc. 

 In conclusion, long noncoding RNAs involved in regulating c-Myc signaling are 
emerging as novel strategies in studying gene regulation which will benefi t both 
basic and clinical investigations. The pathways utilized by several long noncoding 
RNAs are briefl y sketched in Fig.  13.3 .

13.3.2          MiRNAs Regulating c-Myc Signaling 

 MiRNAs have been widely implicated as components of both tumor-suppressive 
and oncogenic pathways. In particular, miRNAs have been linked to the c-Myc 
signaling pathway. c-Myc is able to regulate a number of miRNAs, which contribute 
to all key c-Myc-driven phenotypes, including apoptosis, cell cycle progression, 
metabolism, angiogenesis, and metastasis [ 90 ,  115 ]. Moreover, the expression of 
c-Myc itself is subjected to the regulation by miRNAs, leading to sustained c-Myc 
activity and the corresponding c-Myc downstream pathway. Here, we will discuss 
how miRNAs mediate and regulate c-Myc functions in cancer. 
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13.3.2.1     MiRNAs as Effectors of c-Myc Signaling 

 c-Myc can either induce or repress miRNA expression. miRNAs that are induced by 
c-Myc include miR-17-92, miR-378, and miR-22. MiR-17-92 is identifi ed as the 
fi rst c-Myc-induced miRNA cluster [ 116 ,  117 ]. The miR-17-92 cluster encodes six 
distinct miRNAs, including miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and 
miR-92a-1. The c-Myc-stimulated miR-17-92 cluster has been shown to mediate 
c-Myc-regulated cellular processes, such as cell cycle, apoptosis, and metabolism. 
For instance, miR-17 and miR-20a are able to directly target p21 and inhibit its 
expression, leading to accelerated cell cycle progression. Besides, the E2F1 family 
of transcription factors that regulate cell cycle progression is also targeted by miR- 
17 and miR-20a. The miR-17-92 cluster also inhibits apoptosis by targeting Bim, 
PTEN, PP2A, and AMPK [ 118 ], all of which are positive regulator of apoptosis. 
Furthermore, by suppressing expression of PP2A and AMPK, miR-19a/b stimulates 
the Akt and mTOR signaling and thereafter promotes aerobic glycolysis [ 119 ]. 

 In agreement with its oncogenic activity, the miR-17-92 cluster is frequently 
activated in multiple solid tumors and B-cell lymphomas. Transgenic expression of 
the miR-17-92 cluster, under the control of the IgH promoter, results in B lym-
phoma development in mice [ 120 ]. In addition, conditional knockout of miR-
17- 92 in c-Myc-initiated lymphomas reduces their tumorigenicity. Furthermore, 
ectopic expression of the miR-17-92 cluster in PTEN deletion-induced retinoblas-
tomas, as well as in granule neuron progenitors and colorectal colonocytes, greatly 
enhances tumorigenesis [ 121 – 123 ]. Altogether, these fi ndings suggest that the miR- 
17- 92 cluster represents a bona fi de oncogene and an important mediator of c-Myc- 
driven tumorigenesis. 

 Another c-Myc-induced miRNA, miR-378, has been recently shown to act as an 
oncogenic miRNA [ 124 ]. MiR-378 is able to cooperate with activated Ras or HER2 
to promote cellular transformation. MiR-378 exerts this oncogenic effect by target-
ing and inhibiting the antiproliferative BTG family member TOB2. In addition, 
miR-22 is also an oncogenic c-Myc-induced miRNA. MiR-22 triggers epithelial- 
mesenchymal transition (EMT), enhances invasiveness, and promotes metastasis in 
mouse xenografts. It also exerts its metastatic potential by silencing miR-200 gene 
through direct inhibition of methylcytosine dioxygenase ten-eleven translocation 
(TET) proteins [ 125 ]. 

 In addition to activating miRNA expression, c-Myc is also able to repress the 
expression of a number of miRNAs. These c-Myc-repressed miRNAs include let7, 
miR-23a/b, miR-15a/16, miR-34, and miR-26. Let-7 is repressed by c-Myc in an 
unconventional fashion. c-Myc stimulates the expression of Lin28 and Lin28b, 
which bind the let-7 pre-miRNA stem loop, and thereby prevents processing by 
Drosha and Dicer [ 126 ]. Inhibition of let-7 leads to increased proliferation, whereas 
overexpression of let-7 results in cell cycle arrest. This let-7-regulated phenotype 
involves in the direct suppression of high-mobility group protein A2 (HMGA2) and 
several positive cell cycle regulators, such as CDK6 and CDC25A [ 127 ,  128 ]. In 
addition to let-7, miR-23a and miR-23b are also repressed by c-Myc. By repressing 
miR-23a and miR-23b, c-Myc increases the expression of GLS-1, a key enzyme 
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responsible for the conversion of glutamine to glutamate, which serves as a sub-
strate in the TCA cycle for the energy production [ 129 ], thereby leading to acceler-
ated cancer cell proliferation. 

 The miR-15a/16 cluster is located in an intronic region of the DLEU2 gene, 
which is directly repressed by c-Myc [ 130 ]. Deregulation of these miRNAs has 
been implicated in multiple human cancers. Loss of miR-15a/16 expression is suf-
fi cient to develop chronic lymphatic leukemia (CLL) in mice [ 131 ]. By directly 
targeting several oncogenic factors, such as Bcl2 and cyclin D1, miR-15a/16 induces 
apoptosis and cell cycle arrest, thereby exerting its tumor-suppressive function [ 132 , 
 133 ]. 

 As mentioned earlier, miRNA-34 is positively regulated by p53 and is important 
for the tumor-suppressive function of p53. It has been also shown that miR-34 is 
repressed by c-Myc [ 134 ]. Therefore, the regulation of miR-34 may serve as an 
important platform of the antagonism between c-Myc and p53. By repressing miR- 
34 expression, c-Myc antagonizes several functions ascribed to miR-34, such as 
inhibition of cell cycle progression and induction of apoptosis and senescence, 
thereby contributing to tumor initiation and progression [ 115 ]. Interestingly, in cer-
tain contexts, miR-34 shows an oncogenic activity instead of tumor-suppressive 
function. For example, in B lymphoid cells with enhanced c-Myc expression, ecto-
pic expression of miR-34, which does not directly target p53, signifi cantly decreases 
p53 protein levels [ 135 ]. This effect is mediated by downregulation of c-Myc, which 
stimulates p53 expression via the ARF-Mdm2 axis. As a result, in cells with the 
intact c-Myc-ARF-Mdm2-p53 pathway, miR-34 is able to inhibit p53-dependent 
apoptosis. Thus, in certain tumors with upregulated c-Myc expression, miR-34a 
may serve as a potential therapeutic target. 

 MiR-26 is another c-Myc-repressed miRNA. Ectopic expression of miR-26 has 
been shown to induce cell cycle arrest in hepatocellular carcinoma cells (HCC) by 
directly targeting repression of several positive cell cycle regulators, such as CCND2 
and CCNE2 [ 136 ]. These results suggest that c-Myc may contribute to HCC through 
repressing miR-26 expression. In support of this, restoration of miR-26 expression 
shows the therapeutic effi cacy in a c-Myc-driven mouse model of HCC [ 137 ]. This 
effi cacy is likely due to the cell cycle arrest caused by miR-26. Besides repressing 
miR-26, c-Myc may also promote HCC tumorigenesis through a miRNA-mediated 
positive feedback loop comprising of miR-148a, miR-363, and the ubiquitin- 
specifi c protease 28 (Usp28) [ 138 ]. c-Myc is able to directly bind to the promoters 
of miR-148a and miR-363 and suppress their expression. MiR-148a directly targets 
c-Myc and inhibits its expression, while miR-363 destabilizes c-Myc protein via 
targeting and inhibiting Usp28. As a result, ectopic expression of miR-148a and 
miR-363 promotes HCC tumorigenesis, whereas inhibition of these miRNAs has an 
opposite effect. Taken together, these studies demonstrate miRNA as an important 
class of noncoding RNA that is involved in the regulation of c-Myc-driven 
tumorigenesis.  
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13.3.2.2     MiRNAs as Regulators of c-Myc Signaling 

 The interaction of c-Myc and miRNAs is mutual, as a number of miRNAs have been 
described that regulate c-Myc expression. For example, miR-33b is a negative regu-
lator of c-Myc through direct binding to the 3’-UTR of c-Myc mRNA [ 139 ]. 
Restored expression of miR-33b in a cell line without endogenous miR-33b 
decreases c-Myc levels, reduces anchorage-independent growth, and attenuates 
tumor formation in nude mice. MiR-375 is able to indirectly repress c-Myc expres-
sion by targeting the cancerous inhibitor of PP2A (CIP2A) [ 140 ], a guardian of 
c-Myc protein. As expected, ectopic expression of miR-375 in oral cancer cells 
decreases c-Myc protein levels and reduces cell proliferation, colony formation, 
migration, and invasion. 

 As discussed above, p53-induced miR-34 represses c-Myc expression. Several 
other p53-induced miRNAs can also target c-Myc. For instance, as a p53-induced 
miRNA, miR-145 is able to directly bind to the 3’-UTR of c-Myc mRNA [ 62 ]. 
Ectopic expression of miR-145 silences the expression of c-Myc, whereas knock-
down of miR-145 enhances its expression. Furthermore, miR-145-mediated c-Myc 
silencing accounts at least in part for the miR-145-mediated tumor growth 
inhibition. 

 As a c-Myc-repressed miRNA, let-7 has been shown to directly repress c-Myc 
[ 141 ]. Ectopic expression of let-7 reduces both mRNA and protein levels of c-Myc, 
thus reverting c-Myc-induced growth in Burkitt lymphoma cells. Interestingly, two 
different miRNAs, miR-196b and miR-184, are able to concomitantly suppress 
c-Myc and Bcl2 expression, leading to the inhibition of cell proliferation and sur-
vival [ 142 ,  143 ]. Similarly, overexpression of miR-449c inhibits tumor cell migra-
tion and invasion via direct targeting of c-Myc. MiR-449 also achieves its 
tumor-suppressive function by targeting other factors such as E2F1. 

 Interestingly, miR-24, which is upregulated during terminal differentiation of 
multiple lines, can repress c-Myc expression via “seedless” 3’-UTR microRNA rec-
ognition element [ 144 ]. MiR-135b targets and inhibits c-Myc expression in osteo-
sarcoma cells [ 145 ]. Inhibition of miR-135b accelerates cell proliferation, migration, 
and invasion, whereas forced expression of miR-135b has the opposite effect. 
Moreover, ectopic expression of c-Myc recovers miR-135b-inhibited cell 
 proliferation and invasion, suggesting that miR-135b may function as a tumor sup-
pressor via targeting c-Myc. It has been recently shown that ribosomal protein L11 
regulates c-Myc mRNA turnover [ 146 ]. The unique protein-RNA complex formed 
by L11, Ago2, RISC, and miR-24 binds to the 3’-UTR of c-Myc mRNA and pro-
motes its degradation. Altogether, these fi ndings suggest that miRNA represents 
another important layer of the complexity of c-Myc regulation. 

 More microRNAs involved in c-Myc signaling still await to be characterized, 
and we have every reason to believe that by unveiling the underlying mechanism of 
those microRNAs in regulating c-Myc signaling, it will help us to gain a better 
understanding in noncoding RNA research fi eld. Regulation of microRNAs in 
c-Myc signaling in this chapter can be seen in Fig.  13.4 .
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13.4          Conclusions 

 With the advancement of high-throughput sequencing technologies, it has been rec-
ognized that the number of noncoding genes largely exceeds that of protein-coding 
genes. This has led to one of the most signifi cant shifts in our understandings of 
gene regulatory networks. Given that RNA is an evolutionary predecessor of pro-
teins, noncoding RNA may represent an ancient mechanism by which gene expres-
sion is fi nely controlled. Here, we reviewed recent fi ndings regarding the critical 
role of noncoding RNAs, especially miRNAs and lncRNAs, in regulating p53 and 
c-Myc signaling. Given the importance of p53 and c-Myc in the regulation of 
tumorigenesis, it is not surprising that some p53- and c-Myc-related noncoding 
RNAs are involved in tumor initiation and/or progression, and also these noncoding 
RNAs may represent as potential cancer biomarkers and targets for cancer treat-
ment. However, there are still some critical issues that remain to be addressed. For 
example, by acting as master transcription factors, both p53 and c-Myc are able to 
regulate a variety of noncoding RNA target gene expressions. Also, p53 and c-Myc 
signaling are subjected to the tight regulation by noncoding RNAs. It remains 
unclear how these complex noncoding RNA networks are integrated into a mechan-
ical system for regulating p53 and c-Myc functions in cancer. In addition, although 
dysregulation of several p53- and c-Myc-regulated noncoding RNAs has been 
implicated in tumorigenesis, the underlying mechanisms are largely unknown. 
Nevertheless, we believe that the noncoding RNA fi eld is a rich landscape waiting 
to be further unveiled and functional exploration of noncoding RNA world will 
open unexpected possibilities, not only for biological but also for translational 
research.     
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    Chapter 14   
 Viral Noncoding RNAs in Cancer Biology                     

     Zhi     Li    ,     Shujun     Fu    , and     Lun-Quan     Sun    

    Abstract     Over 12 % of all human cancers are caused by oncoviruses, primarily 
including Epstein–Barr virus (EBV), high-risk human papillomaviruses (HPVs), 
hepatitis B and C viruses (HBV and HCV, respectively), and Kaposi’s sarcoma 
herpesvirus (KSHV). In addition to viral oncoproteins, a variety of noncoding 
RNAs (ncRNAs) produced by oncoviruses have been recognized as important 
cofactors that contribute to the oncogenic events. In this chapter, we will focus on 
the recent understanding of the long and short noncoding RNAs, as well as microR-
NAs of the viruses, and discuss their roles in the biology of multistep oncogenesis 
mediated by established human oncoviruses.  

  Keywords     Oncoviruses   •   Noncoding RNA   •   MicroRNAs   •   Cancer  

14.1       Introduction 

 Tumor viruses can be classifi ed into two groups based on their genetic material, i.e., 
DNA or RNA. Cancer-causing DNA tumor viruses and RNA retroviruses have been 
extensively investigated for their roles in oncogenesis (see Table  14.1 ). Despite 
great efforts being made to uncover the oncogenic mechanisms of the virus-encoded 
proteins, it is until recently that the importance of noncoding RNAs of the viruses 
has been realized by researchers, which is largely due to the development of 
sequencing technology. Although viral genomes are limited in size, any space 
expended on a ncRNA is rationed. Thus, viral ncRNAs are expected to play impor-
tant roles in enhancing the viral replication or counteracting the defenses that the 
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host raises against viral infection. Indeed, accumulating evidence argues for their 
participation in the process of carcinogenesis [ 1 ].

   In mammalian cells, ncRNAs can be grouped into small noncoding RNAs 
(sncRNAs), mid-size noncoding RNAs (mid-size ncRNAs), and long noncoding 
RNAs (lncRNAs) according to their length. Within these groups, there can be addi-
tional subclasses of the moieties [ 2 ], such as PIWI-interacting RNAs (piRNAs), 
small nucleolar RNAs (snoRNAs), transcribed ultra-conserved regions (T-UCRs), 
and large intergenic noncoding RNAs (lincRNAs), which act as key elements for 
cellular homeostasis [ 3 ]. In the case of the ncRNAs transcribed by human tumor 
viruses, microRNA (miRNAs) and lncRNAs are the major species of ncRNAs that 
are produced at different stages of the viral replication and latency and impact on 
immortalization, transformation, and malignancy of host cells. Thus, they will be 
the focus of this chapter. In addition, we will also pay special attention to some 
unique noncoding transcripts from human viruses such as sub-genomic fl avivirus 
RNA (sfRNA) and stable intronic sequence (sis) RNAs, which are characteristically 
produced during virus infection and lytic replication, as they have been unveiled to 
facilitate virus–host interaction and may shed a light on the missing details regard-
ing the oncogenic process of tumor viruses.  

14.2     Virally Transcribed Long Noncoding RNAs 

 It has been well recognized that tumor viruses encode some abundant RNA mole-
cules without coding capacity, but the biological signifi cance of these ncRNAs 
remains to be molecularly defi ned. Among those, there are six well-characterized 
lncRNAs that have been explored extensively, such as EBV-encoded RNAs 
(EBERs), KSHV PAN RNA (polyadenylated nuclear RNA), herpesvirus saimiri 

   Table 14.1    Representative human oncogenic viruses and key oncoproteins   

 Group  Examples 
 Viral 
oncoproteins  Tumor types 

 DNA virus 
  Hepadnaviridae   HBV  HBx  Hepatocellular carcinoma 
  Herpesviridae   EBV  LMP1, 

BARF-1 
 Lymphoma, nasopharyngeal 
carcinoma, gastric cancer 

 KSHV  vGPCR  Kaposi sarcoma, body cavity 
lymphomas 

 HVS  –  T-cell leukemias and lymphomas 
  Papovaviridae   Merkel cell  T antigens  Merkel cell carcinoma 

 Polyomavirus  –  – 
  Papillomaviridae   HPV  E6, E7  Cervical and anal cancer 

 16,18,31,45  –  Oral cancer 
 RNA virus 
  Flaviviridae   Hepatitis C  –  Hepatocellular carcinoma 

 Virus  –  – 
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small nuclear RNAs, and virus-associated RNA I and II (VA I and II), encoded by 
adenovirus (see Table  14.2 ) [ 4 – 8 ]. In the process of establishing the viral infection, 
the host cells also produce an array of ncRNAs, which function in coordination with 
viral ncRNAs to promote oncogenesis.

14.2.1       EBV-Encoded RNAs (EBERs) 

 EBERs are the most abundant EBV transcripts (about 10 7  copies per cell) during 
latent infection by EBV in a variety of cells. Owing to its expression abundance 
and universal existence in all of the three forms of latent infection, EBERs have 
been under intensive studies since they were discovered by Lerner for the fi rst 
time [ 9 ]. 

   Table 14.2    Virally encoded lncRNAs and their features   

 Length  Name  Virus  Oncogenic characteristics  Reference 

 EBER1:167 nt  EBERs  EBV  EBERs are involved in 
lymphoma, NPC, and 
gastric carcinoma partly 
through TLR3- and 
RIG-I-mediated 
infl ammation 

 [ 9 – 31 ] 
 EBER2:172 nt 

 75–143 nt  HSURs  HVS  HSURs are involved in 
transformation of T cells, 
and regulation of miR-27 
by HSUR1 may represent 
such a case 

 [ 32 – 43 ] 

 ~2700 nt  lncRNA 
β2.7 

 HCMV  β2.7 may be oncogenic 
through protecting cells 
from apoptosis via 
interaction with complex I 

 [ 44 – 46 ] 

 1060 nt  PAN 
RNA 

 KSHV  PAN RNA may promote 
Kaposi’s sarcoma via 
facilitating EZH2 
chromosomes location 

 [ 47 – 60 ] 

 520 nt  sfRNA   Flaviviridae   XRN1 repression by 5′ 
UTR- or 3′ UTR 
-localized sfRNA may 
contribute to 
carcinogenesis via 
stabilizing cellular 
mRNAs of oncogenes 

 [ 61 – 72 ] 

 ~160  VA I and 
II 

 Human 
adenovirus 

 Possibly not involved in 
human cancers 

 [ 8 ] 

 2000 nt  LAT  HSV-1  Not investigated  [ 74 – 76 ] 
 ebv-sisRNA1:81 nt  ebv-sis  EBV  Not investigated  [ 78 ,  79 ] 
 ebv-sisRNA2:2971 nt  RNAs  – 
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 EBERs are encoded by the right-hand 1000 base pairs of the EcoRI J fragment 
of EBV DNA [ 10 ]. EBER1 is 166 (167) nucleotides long and EBER2 is 172 ± 1 
nucleotides long with the heterogeneity resides at the 3′ termini (see Fig.  14.1 ). 
Although Schwemmle et al. have claimed that both RNAs are found in the cyto-
plasm as well as in the nuclei of interphase cells [ 11 ], most researches suggest that 
EBERs are confi ned to the nucleus [ 12 ], which imply EBERs may largely fulfi ll 
their function in the nucleus.

   In early studies, EBERs were fi rst found to interact with La antigen [ 9 ]. The 
signifi cance of EBER–protein interaction, however, cannot be overemphasized in 
the EBER-involved cellular function and oncogenic process. As mentioned above, 
La was identifi ed to be complexed with EBERs, and together they could form the 
antigen recognized by systemic lupus erythematosus (SLE) anti-La antiserum. 
Moreover, EBERs were reported to be released in the complex with La, but the 
pathological signifi cance remains to be clarifi ed [ 13 ]. Furthermore, PKR was 
reported to be complexed with EBERs, which prevented the induction of interferon 
(IFN), PKR-mediated protein translation inhibition, and apoptosis [ 14 ,  15 ]. L22, a 
ribosomal composing protein, was also confi rmed to be complexed with EBER1, 
which could translocate L22 from cytoplasm to nucleoplasm and thus might result 
in a depletion of the protein from ribosomes [ 16 ]. Additionally, EBER1 was reported 
to form complex with AUF1/hnRNP D, which indicated EBER1 might disturb the 

  Fig. 14.1    EBERs’ secondary structures and binding sites for associated proteins       
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normal homeostasis between AUF1 and AU-rich elements (AREs)-containing 
mRNAs or compete with other AUF1-interacting targets in cells latently infected by 
EBV [ 17 ]. More recently, EBER2 was shown to base pairs with a nascent RNA 
transcribed from TRs of EBV genome, which recruited PAX5 to the TRs. 
Consequently, EBER–PAX5 complex decreased latent membrane protein 1 (LMP1) 
and LMP2A transcription and promoted following viral lytic replication [ 18 ], 
though this transcription regulation of LMP1 and LMP2A did not coincide with 
their unchanged protein level in LCLs [ 19 ]. 

 Owing to a high expression level of EBERs and the close association between 
EBV and lymphoma and nasopharyngeal carcinoma (NPC) and gastric cancer, great 
efforts have been made to explore their possible involvement in the process of onco-
genesis. With regard to the association of EBERs with lymphoma, Yajima et al. 
showed that the presence of EBERs in Akata cells was required for the cells to be 
more malignant and apoptosis resistant [ 20 ,  21 ]. In support of this conclusion, a 
transgenic mouse model expressing EBER1 suggested that EBER1 promoted lym-
phoid hyperplasia and lymphoma in cooperation with c-Myc [ 22 ]. However, dis-
crepancy existed with a previous study, which indicated that EBERs were not 
essential for B lymphocytes transformation into LCLs (lymphoblastoid cells) and 
EBV replication in LCLs [ 23 ]. Later, observations based on BAC-EBV system 
again contradicted with Yajima’s results, which showed that EBV could transform 
primary B cells into LCLs at the same frequency in the presence or absence of 
EBERs [ 24 ]. In consideration of the reliability of BAC-EBV system, EBERs may 
not account for the transformation of lymphocytes by EBV, especially for B95-8 
stain background. In the case of NPC, it was reported that EBER expression could 
confer an apoptotic-resistant phenotype in immortalized nasopharyngeal epithelial 
cells. The EBER-expressing NP69 cells (an immortalized nasopharyngeal cell line) 
attained a higher growth rate compared to the cells transfected with control plasmid 
(pcDNA3). However, the EBER-expressing NP69 cells did not form colonies in soft 
agar and were non-tumorigenic in nude mice [ 25 ]. In line with these observations, 
the NPC-KT cells highly expressing EBERs did not show any growth advantages or 
anti-apoptosis ability over the mock transfected NPC-KT counterparts [ 26 ], in spite 
of the previous observations that EBV infection induced IGF-1 expression in NPC 
cell lines and that the secreted IGF-1 acted as an autocrine growth factor [ 27 ]. The 
evidence of EBER involvement in the oncogenesis of lymphoma and NPC is still 
obscure, possibly owing to variation of EBV strains and different genetic back-
grounds of the cell lines used in the studies. 

 The double-strand secondary structures of EBERs were reported to trigger their 
recognition by Toll-like receptor 3 (TLR3) and RIG-I, which consequently led to 
lymphocyte pathogenesis or lymphoma, respectively [ 13 ,  28 – 31 ]. In line with these 
studies, we thoroughly examined the involvement of TLR3 and RIG-I in EBER- 
mediated infl ammation and associated pathological effect on NPC [ 30 ,  31 ]. Inspired 
by the correlation of EBERs and RIG-I expression, we verifi ed that EBERs could 
trigger the RIG-I-dependent NFκB and IRF3 signaling pathways and subsequently 
promoted NPC progress. Furthermore, we confi rmed that EBER-triggered infl am-
matory cytokines potentiated TAM chemoattraction and polarization via RIG-I 
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[ 30 ]. Also, we demonstrated that EBERs could induce infl ammatory response in 
NPC cells through TLR3, mainly featured by high level of TNFα production. 
Intriguingly, EBERs and EBV latent membrane protein 1 (LMP1) could form a 
positive regulatory loop with NFκB as a key node that amplifi ed the infl ammatory 
signals in EBV-infected epithelial cells [ 13 ], which for the fi rst time demonstrated 
that cancer-promoting infl ammation could be triggered and amplifi ed through the 
ncRNA and protein components of EBV in a coordinated way (see Fig.  14.2 ).

14.2.2        Herpesvirus Saimiri U-Rich RNAs (HSURs) 

 Herpesvirus saimiri (HVS) is a γ-herpesvirus that causes fatal T-cell leukemia and 
lymphomas in new world primates and transforms human primary T cells in vitro 
[ 32 ,  33 ]. HVS genome harbors seven ncRNA genes that encode for seven Sm-class 
small nuclear RNAs (snRNAs) called herpesvirus saimiri U-rich RNAs (HSURs), 
with HSURs ranking among the most abundantly expressed RNAs in HVS- 
transformed T cells [ 7 ,  34 ]. HSURs share common features with snRNAs assem-
bled into Sm snRNPs, including 5′ trimethyl caps, Sm protein-binding sites, and 

  Fig. 14.2    Schematic description of a proposed model for EBER–LMP1 interactive feedforward 
loop in promoting cancer-related infl ammation. EBERs and LMP1 can both trigger moderate 
infl ammatory response through NFκB as a key node. In addition to the role as an infl ammation 
mediator, NFκB can transcriptionally up-regulate EBERs and LMP1. As a result, EBERs promote 
LMP1 transcription via NFκB which in turn transcriptionally induces more EBERs expression via 
NFκB likewise. Consequently, EBERs and LMP1 synergistically generate overwhelming signals 
to promote NFκB-mediated cancer-related infl ammation       
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3′-terminal stem loops. HSURs1, 2, and 5 have highly conserved 5′-end sequences 
containing the AUUUA pentamer characteristic of AU-rich elements (AREs) that 
regulate the stability of many host mRNAs, including those encoding most proto- 
oncogenes and cytokines. It has been shown that expression levels of the HSURs are 
regulated by cellular ARE-binding proteins, such as hnRNPD and HuR [ 35 ,  36 ]. 
Microarray and Northern analyses reveal that HSUR1 and 2 expression correlates 
with signifi cant increases in a small number of host mRNAs which are involved in 
the activation of virally transformed T cells during latency [ 37 ]. 

 HSUR1 and HSUR2 have been recently reported to possess the capacity to asso-
ciate with three host miRNAs, namely, miR-142-3p, miR-27, and miR-16, in mar-
moset T cells transformed by HVS. The abundance of miR-27 is dramatically 
lowered in transformed cells in the presence of HSUR1, with consequent effects on 
expression of miR-27 target genes. This viral strategy illustrates the use of a ncRNA 
to manipulate host cell gene expression via the miRNA pathway. Of note, rather 
than function as a miRNA sponge, HSUR1-specifi c regulation of miRNA is pro-
posed to mimic host splicing snRNA genes, which bind target miRNA for degrada-
tion [ 38 ,  39 ]. In agreement, murine cytomegalovirus (MCMV) uses a similar 
antisense RNA-based mechanism to target miR-27 for degradation [ 40 ,  41 ]. Because 
miR-27 is a repressor of T-cell activation [ 42 ], degradation of miR-27 mediated by 
HSUR1 promotes activation and presumably proliferation of HVS-infected host T 
cells. Moreover, since HSURs are involved in transformation of T cells by HSV 
[ 43 ], the accurate role and mechanism of this unique regulation of miR-27 by 
HSUR1 in T-cell lymphoma remain to be ascertained.  

14.2.3     LncRNA β2.7 

 Human cytomegalovirus (HCMV) is a highly multifaceted host-specifi c beta- 
herpesvirus that is regarded as asymptomatic or mildly pathogenic virus in immu-
nocompetent host. The involvement of HCMV in late infl ammatory complications 
underscores its possible role in infl ammatory diseases and cancer. HCMV encodes 
β2.7, a noncoding RNA that accounts for a large fraction (~20 %) of the transcripts 
that are expressed during lytic infection [ 44 ]. Recent report has indicated that 
HCMV infection protects cells from rotenone-induced apoptosis, which is mediated 
by β2.7. During infection, β2.7 RNA interacted with the complex I and prevented 
the relocalization of the essential subunit of the gene product associated with reti-
noid/interferon-induced mortality-19, in response to apoptotic stimuli. Complex I 
targeting by a viral RNA represents a refi ned strategy to modulate the metabolic 
viability of the infected host cell [ 45 ]. Given the association of anti-apoptosis ability 
with oncogenesis, it’s rational to propose and validate the possible role of β2.7 in the 
process of carcinogenesis. Intriguingly, ribosome profi ling and mass spectrometry 
reveal that β2.7 is also translated into small peptides and therefore has a coding 
function [ 46 ].  
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14.2.4     KSHV-Encoded Polyadenylated Nuclear RNA 
(PAN RNA) 

 Kaposi’s sarcoma-associated herpesvirus (KSHV) is an oncogenic γ-herpesvirus, 
the causative agent of Kaposi’s sarcoma and body cavity lymphomas [ 47 ]. Kaposi’s 
sarcoma is a multifocal neovascular tumor of proliferating spindle endothelial cells 
latently infected by KSHV, which encodes a viral long ncRNA known as polyade-
nylated nuclear RNA (PAN RNA) [ 48 ]. Although assumed to be primarily a lytic 
transcript, recent observations have showed that PAN RNA is highly abundant 
within virions and is already the most abundant transcript in a few hours postinfec-
tion [ 49 ]. Thus PAN RNA is expressed during all phases of the viral life cycle and 
has the potential to infl uence all of them. Expression of PAN RNA during KSHV 
lytic infection was regulated by major viral trans-activator K-RTA through the inter-
action of a specifi c DNA interaction domain referred to as RTA-responsive element 
(RRE) [ 50 ]. Furthermore, PAN RNA has been recently found to interact with the 
KSHV latency-associated nuclear antigen (LANA) [ 51 ], and this interaction is 
thought to serve to sequester LANA away from viral DNA episomes to facilitate 
lytic reactivation. 

 Transcribed by RNA Pol II and 5′ capped and polyadenylated at the 3′ end, PAN 
RNA remained in the nucleus where it accumulated to extremely high levels per 
infected cell (~500,000 copies/cell), and this high copy number was attributable to 
two features of the ~1.1-kb PAN transcript: MTA/ORF57 binding near the 5′ end 
and a triple-helical stabilization element (ENE) upstream of the 3′ polyA tail 
adenovirus- associated RNAs VAI and VAII [ 52 – 54 ]. However, insertion of the min-
imal MRE along with the ENE showed no added increase in mRNA accumulation 
[ 55 ], indicating that there might be other cis-elements or motifs within PAN RNA 
that contributed to its extremely high abundance. 

 The functional studies revealed that depletion of PAN RNA using RNase 
H-targeting antisense oligonucleotides led to impairment of the KSHV late gene 
expression and decrease of the amount of infectious virus [ 56 ]. Subsequent studies 
showed that PAN RNA also interacted with histones H1 and H2A, mitochondrial 
and cellular single-stranded binding proteins, interferon regulatory factor 4 (IRF4), 
and KSHV ORF59 [ 57 ]. Using recombinant KSHV BAC with a large deletion in the 
PAN RNA gene indicated that PAN RNA was required for full activation of KSHV 
gene expression and virus production [ 58 ]. RNA-chromatin immunoprecipitation 
(RNA-CHIP) assays showed that PAN RNA interacted with demethylases JMJD3 
and UTX and the histone methyltransferase MLL2. Consistent with the interaction 
with demethylases, expression of PAN RNA resulted in a decrease of the repressive 
H3K27me3 mark at the ORF50 promoter, and thus it could be postulated that PAN 
RNA mediated latency or reactivation through its interaction with different 
chromatin- modifying complexes. 

 There has always been interest in the speculation about the coding potential of 
PAN RNA. The most recent development in the coding potential of PAN RNA has 
come from a study that uses mRNA-Seq, along with ribosome footprinting (Ribo- 
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Seq) and DNA-Seq, to compile a comprehensive analysis of viral gene expression 
[ 59 ], which suggests PAN RNA represents up to 92 % of the total viral mRNA-Seq 
reads and the ribosome-protected RNA corresponding to the small PAN peptides 
represents up to 1.7 % of the total cycloheximide Ribo-Seq reads. Thus, these data 
strongly indicate that in addition to its documented functions as a “noncoding” 
RNA, PAN may also be a presumptive coding RNA. 

 Furthermore, RNA-Seq analysis of the cell lines that express PAN RNA has 
showed that transcription of the genes involving expression of proteins participated 
in cell cycle, immune response, and infl ammation is dysregulated. Expression of 
PAN RNA in various cell types results in an enhanced growth phenotype, higher 
cell densities, and increased survival compared to control cells. Also, PAN RNA 
expression mediates a decrease in the production of infl ammatory cytokines [ 49 ]. 
Especially, ChIRP-Seq has showed that PAN RNA occupies much of the KSHV 
genome during lytic infection, including the PAN RNA gene promoter itself, and 
that PAN RNA also interacts with protein components that comprise the polycomb 
repression complex 2 (PRC2) [ 49 ]. EZH2 is a component of the epigenetic regula-
tor PRC2 that suppresses gene expression. Elevated expression of EZH2 is common 
in human cancers and is associated with tumor progression and poor prognosis. 
Since KSHV-mediated upregulation of EZH2 is required for the induction of eph-
rin- B2, an essential proangiogenic factor that drives endothelial cell tubule forma-
tion, it’s conceivable that PAN RNA may promote Kaposi’s sarcoma via facilitating 
EZH2 chromosomes location [ 60 ]. Collectively, PAN RNA may contribute to 
KSHV-associated Kaposi’s sarcoma by enhancing proliferation and apoptosis resis-
tance, probably partly through interaction with the regulatory complexes that modi-
fi es the epigenetic status of the host cells.  

14.2.5     Noncoding Sub-genomic Flavivirus RNA (sfRNA) 

 Arthropod-borne members of the  Flaviviridae  (e.g., West Nile virus (WNV) and 
the dengue viruses (DENV)) have been shown to contain a conserved structure at 
the beginning of their 3′ untranslated regions (UTRs), namely, sfRNA, which is a 
product of incomplete degradation of genomic RNA by the cellular 5′–3′ exoribo-
nuclease XRN1 [ 61 ]. The 3′ UTRs folded into an interesting three-helix junction 
that stalled the cellular XRN1 enzyme as it tried to degrade fl aviviral transcripts 
[ 62 ]. The stalling of XRN1 at this structure resulted in the accumulation of large 
amounts of a short 3′ UTR-derived sub-genomic fl avivirus RNA (sfRNA) during 
infection [ 63 ]. 

 The contribution of each of the stem-loop (SL) and pseudoknot (PK) structures 
in facilitating XRN1 stalling has been investigated for West Nile (WNV) and yel-
low fever virus (YFV) [ 63 – 65 ]. Exploring 3′ UTR secondary structures as well as 
tertiary interactions indicated secondary structures SL-IV and dumbbell 1 (DB1) 
downstream of SL-II were able to prevent further degradation of gRNA when the 
SL-II structure was deleted, leading to production of sfRNA2 and sfRNA3, respec-
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tively. The authors also showed that a number of PK interactions, in particular PK1 
stabilizing SL-II and PK3 stabilizing DB1, were required for protection of gRNA 
from nuclease degradation and production of sfRNA [ 64 ]. 

 Fluorescence in situ hybridization (FISH) assay using probes to specifi cally 
detect the WNV 3′ UTR (sfRNA) has demonstrated that sfRNA forms punctuate 
foci which co-localizes variably with XRN1 (a marker of PBs) and with the stress 
granule (SG) marker protein eIF3ŋ [ 61 ]. Localization of sfRNA to PBs is consistent 
with the generation of this RNA species, while the underlying signifi cance of the 
co-localization of WNV sfRNA to SG remains to be unveiled. 

 sfRNAs have been reported to impact on fl avivirus replication, cytopathicity, and 
pathogenicity. Decreased replication in mammalian and mosquito cell lines was 
observed for WNV and YFV mutants defi cient in sfRNA [ 63 – 65 ], while prelimi-
nary evidence suggested sfRNA might play a negative role in JEV viral RNA repli-
cation and/or translation [ 66 ]. WNV mutants that produced less abundant, truncated 
sfRNAs were signifi cantly less pronounced in Vero cells, leading to marked reduc-
tion in size or complete absence of viral plaques [ 63 ]. In addition, pseudoknot (PK) 
interactions play a vital role in the production of nuclease-resistant sfRNA, which is 
essential for viral cytopathicity in cells and pathogenicity in mice [ 64 ,  65 ]. 
Transfection of minus-sense sfRNA into JEV-infected cells, in order to counter the 
effects of plus-sense sfRNA, resulted in higher levels of antigenome, suggesting 
that the presence of the sfRNA inhibited antigenome synthesis. Trans-acting effect 
of sfRNA on JEV translation was further confi rmed using a reporter mRNA con-
taining the luciferase gene fused to partial coding regions of JEV and fl anked by the 
respective JEV UTRs. sfRNA-inhibited JEV translation was also demonstrated in 
the in vivo and in vitro translation assays [ 66 ]. 

 Mechanistically, WNV sfRNAs are critical for viral cytopathicity via counteract-
ing type I interferon (IFN) effect. Utilizing mice and cells that were defi cient in IFN 
response, replication of the sfRNA mutant WNV could be rescued in the mice and 
cells lacking interferon regulatory factor 3 (IRF-3) and IRF-7 and in the mice lack-
ing the type I alpha/beta interferon receptor (IFNAR), suggesting a contribution of 
sfRNA in overcoming the antiviral response mediated by type I IFN. This has been 
confi rmed by a series of studies. For example, the mutant virus replication was res-
cued in the presence of IFNAR-neutralizing antibodies; greater sensitivity of mutant 
virus replication to IFN-α pretreatment could be achieved; partial rescue of its 
infectivity in cells defi cient in RNase L and direct effects of transfected sfRNA on 
rescuing replication of unrelated Semliki Forest virus (SFV) in cells pretreated with 
IFN-α were also observed. All of the results confi rm that sfRNA is involved in fl a-
vivirus pathogenesis via its contribution to viral evasion of the type I interferon 
response [ 67 ]. Moreover, in PKR−/− or RNase L−/− MEFs, no observable rescue of 
FL-IRACS3 (which is unable to transcribe sfRNA) replication was shown, com-
pared to that observed via infection in wild-type MEFs. Interestingly, transfection 
of in vitro transcribed sfRNA may inhibit IRF-3 phosphorylation in JEV-infected 
cells, which suggests this inhibition of IRF-3 activation may lead to a decrease in 
IFN-β transcription [ 68 ]. 
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 Growing evidence has indicated that production of viral noncoding RNAs in 
RNA virus-infected cells can serve as one of the strategies for RNA viruses to avoid 
the cellular RNA decay machinery. In the case of fl aviviruses, stalling of the XRN1 
enzyme in the process of generating sfRNA resulted in the repression of its activity. 
Cells infected with dengue or Kunjin viruses accumulate uncapped mRNAs and 
decay intermediates normally targeted by XRN1. XRN1 repression also resulted in 
the increased overall stability of cellular mRNAs in fl avivirus-infected cells [ 69 ]. 
Disruption of the cellular RNA decay machinery can benefi t for the virus, including 
increased stability of viral transcripts as well as interference with the regulation of 
cellular gene expression that may infl uence the ability of the cells to mount an effec-
tive innate immune response. 

 RNA interference (RNAi) is the predominant antiviral response against invading 
RNA viruses in insects and plants. Enhanced fl avivirus replication in mosquitoes 
with depleted RNAi factors suggests an important biological role for cellular RNAi 
in restricting virus replication. Recent investigation has demonstrated a novel role 
for sfRNA, i.e., as a nucleic acid-based regulator of RNAi pathways, a strategy that 
may be conserved among fl aviviruses. The authors fi rst established that fl aviviral 
RNA replication suppressed siRNA-induced gene silencing in WNV and DENV 
replicon-expressing cells. Next, they showed that none of the WNV-encoded pro-
teins displayed RNA silencing suppressor (RSS) activity in mammalian and insect 
cells and in plants by using robust RNAi suppressor assays. In contrast, they found 
that sfRNA effi ciently suppressed siRNA- and miRNA-induced RNAi pathways in 
both mammalian and insect cells. Interference with human Dicer processing of 
dsRNA in vitro suggested that sfRNA acted as a decoy molecule upstream of the 
RNA-induced silencing complex (RISC). As a result from this, less (antiviral) 
siRNA was produced when sfRNA was present, which was in line with the observa-
tion that sfRNA enhanced the replication of a heterologous arbovirus in mosquito 
cells [ 70 ]. In addition to counteracting the RNAi pathways targeting virus itself, 
fl aviviruses took advantage of RNAi to facilitate their replication in infected cells. 
Intriguingly, WNV sfRNA was deemed the likely source of KUN-miR-1, the fi rst 
fl avivirus-derived miRNA, in WNV-infected mosquito cells. Transcription of WNV 
(KUN) pre-miRNA (3′ SL) in mosquito cells either from plasmid or Semliki Forest 
virus (SFV) RNA replicon resulted in the production of mature KUN-miR-1. 
Silencing of Dicer-1 but not Dicer-2 led to a reduction in the miRNA levels. Further, 
when a synthetic inhibitor of KUN-miR-1 was transfected into mosquito cells, rep-
lication of viral RNA was signifi cantly reduced. In addition, a host mRNA target for 
KUN-miR-1 in mosquito cells was determined to be zinc fi nger transcription factor 
GATA4. Depletion of GATA4 mRNA by RNA silencing led to a signifi cant reduc-
tion in virus RNA replication, while a KUN-miR-1 RNA mimic enhanced replica-
tion of a mutant WNV (KUN) virus producing reduced amounts of KUN-miR-1, 
suggesting that GATA4 induction via KUN-miR-1 played an important role in virus 
replication [ 71 ]. 

 Hepatitis C virus (HCV) is a positive-sense RNA virus of the  Hepacivirus  genus 
within the  Flaviviridae  that chronically infects approximately 130–150 million 
people worldwide. Chronic HCV infection causes acute liver dysfunction and cir-
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rhosis and is associated with the development of hepatocellular carcinoma (HCC). 
Interestingly, HCV and other non-arthropod-associated members of the  Flaviviridae  
such as the economically important bovine viral diarrhea virus (BVDV) do not 
generate a sfRNA-like molecule from their 3′ UTRs. Instead, HCV and BVDV 
contain structured regions in their 5′ UTR near or including the IRES region that 
both stall and repress XRN1. XRN1 repression by the 5′ UTRs of these viruses can 
be demonstrated both in biochemical assays and in living cells. Interestingly, HCV 
or BVDV repression of XRN1 is associated with a dramatic repression of the major 
5′–3′ decay pathway and a large increase in the stability and abundance of numerous 
normally short-lived cellular mRNAs. Of note, the mRNAs of many cellular onco-
genes and angiogenic factors are signifi cantly stabilized and increased in abundance 
during HCV infection [ 72 ]. Therefore, XRN1 repression is a highly conserved and 
important facet of infections by disparate members of the  Flaviviridae , which under 
specifi c circumstances may contribute to oncogenic process of liver cancers.  

14.2.6     Intronic Long Noncoding RNAs 

 The pre-mRNA splicing machinery generates a number of non-polyadenylated non-
coding RNAs (intronic long noncoding RNAs), such as snoRNA, sno-lncRNA, cir-
cular intronic RNA (ciRNA), and circular RNA (circRNA) [ 73 ]. During the past 
few decades, signifi cant progress has been made with respect to the identifi cation 
and function validation of the virus-encoded intronic long noncoding RNAs. 

 The ncRNAs composed of stable introns were fi rst discovered in the α-herpesvirus 
HSV-1, which produced an RNA species in high abundance—the latency- associated 
transcript gene (LAT) ncRNA [ 74 ]. Experiments in mice and rabbits have shown 
that LAT plays a critical role in enhancing the reactivation phenotype. This appeared 
to be a function of LAT anti-apoptosis activity, since wild-type levels of reactivation 
could be restored to a LAT(−) virus by inserting one of several different alternative 
anti-apoptosis genes in place of LAT. LAT might also contribute to latency/reactiva-
tion via several immune evasion mechanisms, such as an increase of HVEM expres-
sion (herpes virus entry mediator, a member of the tumor necrosis family), which 
could act as a switch to decrease T-cell function [ 75 ]. Interestingly, the excised 
intronic LAT persisted and accumulated to high levels in infected cells, and the 
functional form of the LAT ciRNA appeared to be the branched lariat. Expression 
of the HSV-1 LAT ciRNA maintained infection by inhibiting apoptosis of neuronal 
cells and by silencing viral lytic gene expression through alteration of heterochro-
matin structures at viral promoters [ 76 ]. In addition, human and murine CMVs 
could also encode ciRNAs with a similar structure to HSV-1 LAT ciRNA, which 
persisted stably with the lariat structure after splicing [ 77 ]. 

 In EBV-infected cells, analysis of the data from small RNA-Seq, and ribosome- 
depleted RNA-Seq identifi ed both the short and long introns as stable intronic 
sequence RNAs (sisRNAs): ebv-sisRNA-1 (81 nt) and ebv-sisRNA-2 (2791 nt), 
respectively [ 78 ,  79 ]. ebv-sisRNA-1 is estimated to be present at the 21 % level of 
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EBER1 or roughly on a par with EBER2, which is estimated to be 25 % as abundant 
as EBER1. The ebv-sisRNA-1 differs from the LAT in two major respects: the LAT 
is much larger (>2 kb), and the functional form of the LAT is believed to be the 
lariat-intron splicing intermediate, whereas the ebv-sisRNA-1 is likely to be a linear 
molecule. Thus, ebv-sisRNA-1 may be referred to ebv-snoRNA-1, which is com-
posed of stem-loop confi guration rather than branched lariat. Indeed, the short hair-
pin of ebv-sisRNA-1 presents a conserved U-rich motif in the loop region, while the 
downstream sequence is unstructured and contains a completely conserved CA-rich 
region, both of which motifs confer potential protein interaction sites for 
ebv-sisRNA-1. 

 A notable feature of ebv-sisRNA-2 is the presence of predicted conserved and 
thermodynamically stable RNA secondary structure [ 78 ], which encompasses a 
massive (586 nt) hairpin that is extensively conserved in structure, but not sequence, 
between divergent lymphocryptoviruses [ 39 ]. Furthermore, v-snoRNA1, a canoni-
cal C/D box snoRNA encoded by EBV, has been identifi ed. This genetic element 
displays all hallmark sequence motifs of a canonical C/D box snoRNA, namely, 
C/C′ and D/D′ boxes. The nucleolar localization of v-snoRNA1 was verifi ed by in 
situ hybridization of EBV-infected cells. V-snoRNA1 was also confi rmed to bind to 
the three canonical snoRNA proteins, fi brillarin, Nop56, and Nop58. The C-box 
motif of v-snoRNA1 was shown to be crucial for the stability of the viral snoRNA. Its 
selective deletion in the viral genome led to a complete downregulation of 
v-snoRNA1 expression levels within EBV-infected B cells. V-snoRNA1 might 
serve as a miRNA-like precursor, which was processed into 24 nt sized RNA spe-
cies, designated as v-snoRNA124pp. A potential target site of v-snoRNA124pp was 
identifi ed within the 3′ UTR of BALF5 mRNA which encoded the viral DNA poly-
merase, indicative of the probable involvement of v-snoRNA1 in EBV lytic replica-
tion transition. Of note, v-snoRNA1 was found to be expressed in all investigated 
EBV-positive cell lines, including lymphoblastoid cell lines (LCL), which implied 
v-snoRNA1 expression might contribute to lymphoma incidence [ 80 ]. Thus far, 
there have been no studies showing this class of sisRNAs is involved in the EBV- 
associated carcinomas of epithelial origin.   

14.3     Virus-Encoded MicroRNAs 

 MicroRNA (miRNA) is a small noncoding RNA, mainly consisting of 20–23 nucle-
otides with partial or total homology to target sequence [ 81 ]. It promotes target 
mRNA degradation or negatively regulates gene expression through binding to the 
3′-untranslated region [ 82 ]. As a vital modulator, miRNA regulates numerous cel-
lular processes including apoptosis and tumorigenesis. In virus-positive cancers, 
many viral miRNAs are expressed, which suggests a critical role of these miRNAs 
in viral latency and oncogenesis. The representative examples of viral miRNAs 
involved in various cancers are listed in Table  14.3 .
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14.3.1       EBV-Encoded miRNA 

 EBV is the fi rst human virus to be shown expressing miRNAs. To date, 25 EBV 
miRNA precursors and 48 mature miRNAs have been identifi ed [ 83 ,  84 ]. They 
mainly locate in two regions of the viral genome, BamHI fragment H rightward 
open reading frame 1 (BHRF1) and BamHI A rightward transcript (BART). The 
BHRF1 region encodes three miRNA precursors and four mature miRNAs, while 
BART region generates two clusters of miRNAs with 22 miRNA precursors and 44 
mature miRNAs [ 85 ]. 

 Studies on EBV-encoded miRNAs have revealed that the viral miRNAs play 
important roles in EBV-associated malignancies. By bioinformatic analysis and 
biological function validation, the potential targets of the miRNAs were identifi ed 
in their effects on oncogenesis [ 86 ,  87 ]. The p53 up-regulated modulator of apopto-
sis (PUMA), a pro-apoptotic protein belonging to Bcl-2 family, was found to be a 
target of miR-BART5 [ 88 ]. In EBV-infected epithelial cells, miR-BART5 had a 
relatively high level, which was negatively correlated with PUMA expression. 
When treated with Adriamycin, a DNA damage agent, miR-BART5, could protect 
host cells from apoptosis [ 89 ]. The entire BART miRNA cluster 2 was identifi ed to 

    Table 14.3    Overview of viral miRNAs and their target genes   

 Virus  miRNA  Target genes  Function  Reference 

 EBV  miR-BART5  PUMA  Inhibit apoptosis  [ 89 ] 
 miR-BART 
cluster 2 

 NDRG1  Promote metastasis  [ 90 ] 

 miR-BART 
cluster 1 

 LMP1  Reduce the sensitivity to 
cisplatin 

 [ 91 ] 

 miR-BART9  E-cadherin  Promote migration and 
invasion 

 [ 93 ] 

 miR- 
BART15- 3p 

 BRUCE  Inhibit cell proliferation and 
promote apoptosis 

 [ 94 ] 

 miR-BART3  DICE1  Promote cell growth and 
transformation 

 [ 95 ] 

 KSHV  MiR-K12-7 and 
MiR-K12-9 

 ORF50  Inhibit lytic replication  [ 104 ,  105 ] 

 MiR-K12-4  Rbl2  Inhibit lytic replication  [ 106 ] 
 MiR-K12-1  IκBα  Promote NFκB-dependent 

viral latency and cell cycle 
 [ 97 ] 
 [ 107 ]  p21 

 MiR-K12-3 and 
MiR-K12-7 

 C/EBPβ  Promote IL-6, IL-10 
expression 

 [ 114 ] 

 HPV  HPV16 encoded  CYP26B1  Inhibit apoptosis  – 
 miRNAs  –  PBRM1  Allow expansion of the 

HPV-infected cell population 
 [ 119 ] 

 MCV  MCV-miR- 
M1-5p 

 PIK3CD, PS 
ME3, RUNX1 

 Regulate host immune 
response and viral 
proliferation 

 [ 121 ] 
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be responsible for the downregulation of N-myc downstream-regulated gene 1 
(NDRG1), an epithelial differentiation marker and metastasis suppressor [ 90 ]. EBV 
latent membrane protein 1 (LMP1) is a virus protein that pays a key role in onco-
genesis of nasopharyngeal carcinoma (NPC). On one hand, MiR-BART cluster 1 
was identifi ed to suppress LMP1 expression and could reduce the sensitivity of the 
NPC cells to cisplatin [ 91 ]. On the other hand, other group validated miR-BART9 
could positively regulate LMP1 in two nasal NK/T-cell lymphoma (NKTCL) cell 
lines to maintain the EBV latency program [ 92 ]. Meanwhile, miR-BART9 was 
highly expressed in NPC tissues. Depleting endogenous miR-BART9 could inhibit 
the migration and invasion of EBV-positive NPC cells via targeting E-cadherin [ 93 ]. 
Cell growth assay and annexin V staining showed that miR-BART15-3p could 
inhibit cell proliferation and promote apoptosis [ 94 ]. Integrator complex subunit 6 
(DICE1/INTS6) is a tumor suppressor which is often inactivated in cancers. It has 
also been identifi ed as a target of miR-BART3. Overexpression miR-BART3 sup-
pressed the DICE1 activity and stimulated cell proliferation. Consistent with the 
low expression of DICE1 in EBV-positive NPC tumors, it is suggested that EBV- 
encoded miR-BART3 promote cell growth and transformation via targeting tumor 
suppressor DICE1 [ 95 ].  

14.3.2     KSHV-Encoded MiRNA 

 Kaposi’s sarcoma-associated herpesvirus (KSHV) is another etiologic agent that 
can cause cancer. Its lifecycle involves two distinct phases: latent and lytic. The 
oncogenic potential of KSHV is greatly dependent on the genes expressed during 
latency and the setting of immune escape. KSHV can encode its own miRNAs, 
which are believed to promote latent viral persistence, immune suppression, and 
tumor progression [ 96 – 99 ]. Thus far, 12 KSHV miRNA precursors and 18 mature 
miRNAs have been identifi ed [ 100 – 102 ]. All these miRNAs locate in the KSHV 
latency-associated region (KLAR) [ 103 ]. 

 Studies have indicated KSHV miRNAs work as a switch of latent–lytic regula-
tion. MiR-K12-7 and miR-K12-9 suppressed the transcription of ORF50 which 
encoded the replication and transcription activator (RTA), a critical factor for the 
initiation of lytic replication [ 104 ,  105 ]. MiR-K12-4 repressed retinoblastoma (Rb)-
like protein 2 (Rbl2), a repressor of DNA methyl transferases (DNMT) that methyl-
ated the RTA promoter and inhibited its expression [ 106 ]. MiR-K12-1 could target 
both IκBα to promote NFκB-dependent viral latency and cell survival [ 97 ] and p21 
to attenuate cell cycle arrest [ 107 ]. MiR-K12-5, MiR-K12-9, MiR-K12-10, MiR- 
K12- 11, and MiR-K12-12 were shown to facilitate virus lytic replication [ 108 – 110 ]. 
Several factors secreted by KSHV-positive cells were associated with cancer patho-
genesis [ 111 ], such as IL-6 and IL-10 [ 112 ,  113 ]. MiR-K12-3 and MiR-K12-7 were 
identifi ed to repress C/EBPβ, which served as a transcriptional repressor of IL-6 and 
IL-10 [ 114 ]. MiR-K12-10 repressed the tumor necrosis factor-like weak inducer of 
apoptosis receptor (TWEAKR), resulting in reduced expression of IL-8, and the 
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cells transfected with miR-K12-10 were more resistant to TWEAK-induced 
 apoptosis [ 115 ].  

14.3.3     HPV-Encoded MicroRNA 

 Human papillomaviruses (HPV) is one of the well-characterized human viruses that 
directly link to cervical cancer [ 116 ,  117 ]. HPV infection is limited to the basal cell 
layer and requires host cell to enter M phase [ 118 ]. The papillomavirus-encoded 
miRNAs in human cervical cancer and cell lines were fi rst identifi ed and validated 
by Qian et al. [ 119 ]. They established small RNA (sRNA) libraries from two HPV- 
immortalized cell lines and ten formalin-fi xed paraffi n-embedded HPV-positive cer-
vical epithelium samples. The libraries were then sequenced with SOLiD 4 
technology. Nine putative papillomavirus microRNAs were predicted and four were 
successfully validated: two were encoded by HPV16, one by HPV38, and the other 
by HPV68. Cellular target analysis of HPV16-encoded miRNAs indicated they had 
pathological effects on cell cycle, cell migration, and cancer development [ 119 ].  

14.3.4     MCV-Encoded MicroRNA 

 Merkel cell polyomavirus (MCV) is present in the majority of merkel cell carcino-
mas (MCC), an aggressive neuroendocrine skin cancer. Extensive effort has been 
made to fi gure out the role of MCV-encoded miRNAs in pathogenesis. Seo et al. 
computationally predicted potential pre-miRNAs and then cloned them to an 
expression vector for screening. At least, one candidate MR17 was pursued for its 
function validation [ 120 ]. Other groups also identifi ed a mature miRNA MCV-miR- 
M1-5p after sequencing 30 million sRNAs from seven MCC tumors and one perile-
sional sample. These miRNA-targeted genes were related to immune evasion and 
viral replication [ 121 ]. 

 Together, it is evident that all the viral miRNAs discussed above are involved in 
the regulation of virus latency, immune evasion, or oncogenesis (see Table  14.3 ). 
Therefore, silencing specifi c viral miRNAs would be a worthy strategy to therapeu-
tically intervene viral oncogenesis and cancer progression [ 122 ,  123 ].   

14.4     Future Perspective 

 Owing to the development of sequencing technologies such as massive parallel 
sequencing and the evolved bioinformatics analysis methodologies, large amounts 
of noncoding RNAs transcribed by oncogenic virus have been identifi ed. While this 
progress has deepen our knowledge of the category and complexity of noncoding 
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RNAs during the process of cell pathogenesis and oncogenesis, much work needs to 
be done to elucidate the roles of viral noncoding oncogenic RNAs in oncogenesis 
and other disease settings. 

 Great care should be taken when some viral noncoding RNAs are to be annotated 
as “pathogenic” or even “oncogenic.” Given the unique structures of viral noncod-
ing RNAs such as special 5′ caps, one may not investigate the candidate noncoding 
RNAs by simply overexpressing in vitro transcribed RNAs, which could produce 
RNA structures differing from the real modifi cations of RNAs in vivo. Likewise, the 
complicated secondary structures along with the nuclear localization of some 
ncRNAs such as sisRNAs make it almost impossible to knockdown the expression 
with routine siRNA or shRNA strategies. Instead, appropriate antisense oligonucle-
otides, specifi cally devised ncRNAs knockout strategy, and appropriate control 
viruses should be employed for the respective viral ncRNA investigations. 

 Large ncRNAs tend to be fl exible modular scaffolds, which means RNAs contain 
the discrete domains that interact with specifi c protein complexes. This will bring 
specifi c regulatory components into proximity with each other to result in the for-
mation of a unique functional complex. Thus, understanding these principles will 
require the identifi cation of the sites of the RNA–protein interactions and the exact 
RNA-binding proteins in vivo. In addition, the way in which large ncRNAs localize 
to their target genes is unknown but could involve direct RNA–DNA interactions or 
interactions with nascent RNAs. With the development of methodologies such as 
RNA-chromatin immunoprecipitation (RNA-CHIP) and capture hybridization anal-
ysis of RNA targets (CHART), resolution of the molecular interaction details 
regarding the mechanism of viral ncRNAs is possible. By truly understanding this 
modular RNA code, it may be possible to devise accurate pharmaceuticals targeting 
oncogenic virus ncRNAs to reduce the health burden of cancer patients.     
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    Chapter 15   
 Noncoding RNAs in Cancer Diagnosis                     

     Mu-Sheng     Zeng    

    Abstract     The accuracy and effi ciency of tumor treatment depends mainly on early 
and precise diagnosis. Although histopathology is always the gold standard for 
cancer diagnosis, noninvasive biomarkers represent an opportunity for early 
detection and molecular staging of cancer. Besides the classical tumor markers, 
noncoding RNAs (ncRNAs) emerge to be a novel category of biomarker for cancer 
diagnosis since the dysregulation of ncRNAs is closely associated with the 
development and progression of human cancers such as liver, lung, breast, gastric, 
and other kinds of cancers. In this chapter, we will summarize the different types of 
ncRNAs in the diagnosis of major human cancers. In addition, we will introduce the 
recent advances in the detection and applications of circulating serum or plasma 
ncRNAs and non-blood fl uid ncRNAs because the noninvasive body fl uid-based 
assays are easy to examine for cancer diagnosis and monitoring.  

  Keywords     Noncoding RNA   •   Cancer diagnosis   •   Circulating ncRNA   •   Exosome  

15.1       Introduction 

 The accuracy and effi ciency of tumor treatment depends mainly on early diagnosis. 
However, histopathology is always the gold standard for cancer diagnosis, but is 
usually invasive since the examined tissues are obtained by surgery or biopsy. Since 
the last decade, it has been shown that dysregulation of ncRNAs is closely associated 
with the development and progression of human cancers such as liver, lung, breast, 
gastric, and other kinds of cancers [ 1 ,  2 ]. 

 As is traditionally accepted in central dogma, DNA is transcribed into mRNA, 
which in turn serves as the template for protein synthesis. However, we now know 
that there are only about 20,000 protein-coding genes, representing <2 % of the total 
genome sequence [ 3 ], whereas at least 90 % of the genome are actively transcribed 
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into noncoding RNAs (ncRNAs), implicating that ncRNAs could have signifi cant 
regulatory roles in complex organisms. It is also thought that RNAs are actually 
precursors to all current lives on Earth. ncRNAs are classifi ed into housekeeping 
and regulatory ncRNAs, based on their abundance in distribution and biological 
function. Most of the cancer-associated ncRNAs are regulatory ncRNAs, which can 
be divided into small ncRNAs (sncRNAs), smaller than 200 nucleotides (nts) and 
long ncRNAs (lncRNAs, longer than 200 nts) [ 4 ,  5 ], according to their length. 
ncRNAs can also present circular structure [ 6 ], called circular RNAs (circRNAs). 
The small ncRNAs include microRNAs (miRNAs), Piwi-associated RNAs 
(piRNAs) [ 7 ], small nucleolar RNAs (snoRNA), and so on. In contrast to sncRNAs, 
lncRNAs are much longer and tend to have a more complex secondary structure [ 8 ]. 
All of these ncRNAs have the potential to act as biomarkers for cancer diagnosis. 

 In this chapter, we will introduce noncoding RNAs in cancer diagnosis through 
the following aspects: types of ncRNAs and cancer diagnosis, ncRNAs and major 
cancer types, circulating ncRNAs, and non-blood body fl uid ncRNAs.  

15.2     Types of ncRNAs and Cancer Diagnosis 

 Cancer is a complicated disease. Cancer diagnosis is very important and challenging, 
especially for early- stage cancer. Recent studies have begun to address the 
underlying causes of cancer mutational heterogeneity by comparing mutation rate 
variation to the distribution of sequence features, gene expression, and epigenetic 
marks along the genome [ 9 ]. Cancer diagnosis has also been focused on cancer 
biology, since ncRNAs play important roles in the oncogenesis and development of 
cancer [ 10 ]. Besides, ncRNAs can be specifi cally expressed in certain tissues [ 11 ] 
or certain cancers [ 12 ]. Thus, ncRNAs should be great potential markers in cancer 
diagnosis. 

 Recently, with the great development of next-generation sequencing, it brings in 
big progression in analysis of ncRNAs. In general, ncRNAs can be divided into two 
types in terms of their sizes, small RNAs and long noncoding RNAs (lncRNAs), 
which are based on the threshold of 200 nucleotides (nt) of the RNA length [ 13 ]. 
Small RNAs include many different types of RNAs, including microRNAs 
(miRNAs), small nucleolar RNAs (snoRNAs), and piwiRNAs (piRNAs) [ 14 ], 
which are classifi ed by functional type. Meanwhile, lncRNAs also have different 
classifi cation criteria. Ma summarized the classifi cation methods of lncRNAs 
according to their different features including their (1) genome location and context, 
(2) exerted effects on DNA sequences, (3) mechanisms of functioning, and (4) 
targeting [ 15 ]. Laurent [ 16 ] summarized the classifi cation of the great majority of 
lncRNAs relying on the empirical attributes originally used to detect them, such as 
classifi cation based on transcript length, association with annotated protein-coding 
genes, association with other DNA elements of known function, protein-coding 
RNA resemblance, association with repeats, association with a biochemical pathway 
or stability, sequence and structure conservation, expression in different biological 
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states, association with subcellular structures, and function. In this chapter, we will 
summarize lncRNAs to three categories: intergenic lncRNAs, sense lncRNAs, and 
antisense lncRNAs. 

15.2.1     Small RNAs 

 For small RNAs, there is a large amount of evidence supporting their potential 
application in cancer diagnosis. 

15.2.1.1     snoRNAs and Cancer Diagnosis 

 snoRNAs range in size from 60 to 300 nt. At least 200 snoRNAs have been identifi ed 
in mammals, but many more remain elusive [ 17 ]. There are two types of snoRNAs: 
Box C/D and BoxH/ACA snoRNAs [ 18 ]. Box C/D snoRNAs serve as guides for the 
2’-O-ribose methylation of rRNAs, whereas box H/ACA snoRNAs are guides for 
isomerization of uridine residues into pseudouridine. Therefore, snoRNAs were 
recognized as housekeeping RNAs due to their critical roles in rRNA maturation in 
the traditional opinion. However, recently the opinion has been changed at a certain 
extent because some evidence reveal a completely new and previously unrecognized 
role of snoRNAs in the control of cell fate and oncogenesis in various cancers. For 
example, Maarabouni has found that GAS5 controls apoptosis and is downregulated 
in breast cancer [ 19 ]; Dong used a series of assays to confi rm that snoRNA U50 is 
a candidate tumor suppressor gene at 6q14.3 with a mutation associated with 
clinically signifi cant prostate cancer [ 20 ].  

15.2.1.2     piwiRNAs and Cancer Diagnosis 

 Piwi-interacting RNAs (piRNAs) belong to a novel class of sncRNAs, with a length 
of 24–33 nts, which only bind specifi cally with P-element-induced wimpy testis 
(Piwi) protein family members. Piwi proteins in humans have four homologs: 
PiwiL1/Hiwi, PiwiL2/Hili, PiwiL3, and PiwiL4/Hiwi2 [ 21 ]. To date, piRNAs are 
thought to mainly exist in the intergenic region and rarely in the gene region and 
repeat region. In July 2006, piRNAs were fi rst identifi ed as being closely associated 
with germ cell development [ 22 ]. Localization of Piwi and piwiRNAs has been 
reported mostly in the nucleus and cytoplasm of higher eukaryotes germ-line cells, 
and known piwiRNA sequences are believed to be located in repeat regions of the 
nuclear genome in germ-line cells. There have been increasing evidence suggesting 
that piRNAs may play a similar epigenetic silencing role in human cancers and be 
biomarkers for cancer diagnosis. In addition, Nam [ 23 ] has found that there are 
some piwiRNAs expressed in the mitochondria of mammalian cancer cells. Stefani 
[ 24 ] has demonstrated that the presence of piwiRNAs in cancer correlates with 
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poorer clinical outcomes, suggesting the piwiRNA plays a functional role in cancer 
biology. Therefore, piwiRNAs are candidate cancer-associated genes, which can be 
used for cancer diagnosis.  

15.2.1.3     miRNAs and Cancer Diagnosis 

 microRNAs (miRNAs), which were fi rst reported in roundworms ( Caenorhabditis 
elegans ) [ 25 ], are short noncoding RNAs of 20–24 nucleotides that play important 
roles in virtually all biological pathways in mammals and other multicellular 
organisms. Accordingly, miRNAs infl uence numerous cancer-relevant processes 
such as proliferation, cell-cycle control, apoptosis, differentiation, migration, and 
metabolism. 

 In recent years, there are mounting cancer research focusing on the miRNAs. 
The fi rst evidence for a direct link between miRNAs and human cancer came from 
the observation that two miRNA genes, mir-15 and mir-16, were located in a 30 kb 
region on chromosome 13 that had been found to be deleted in chronic lymphocytic 
leukemia (CLL) cases and that mir-15 and mir-16 expression was often reduced in 
CLL [ 26 ]. A second study [ 27 ] found that mir-143 and mir-145 expression levels 
were reduced in adenomatous and cancer stages of colorectal neoplasia. A number 
of studies have shown specifi c miRNAs identifi ed in expression profi ling experiments 
forward to carry out functional analysis. For example, mir-21 was found to be 
overexpressed in malignant cholangiocytes and mir-21 expression was found to 
downregulate the tumor suppressor PTEN in these cells [ 28 ]. However, several 
miRNAs have been proposed to act as tumor suppressors. One of these miRNAs is 
the members of the let-7 family, which have been reported to regulate expression of 
the RAS oncogene in  C. elegans  and in human cells. For example, let-7 is 
downregulated in lung cancer and its expression is negatively correlated with that of 
RAS [ 29 ]. Overall, many tumor-associated miRNAs have been reported and studied. 

 Apparently, miRNAs can be potentially useful for cancer diagnosis. Although 
initial miRNA studies focused on comparing its expression between normal tissues 
and tumors to gauge its diagnostic potential, it will be more interesting and important 
to correlate miRNA expression with tumor subtypes or clinical parameters. miRNA 
expression data can be used to build discriminators with clinical values, because 
miRNAs have clear advantages over mRNAs as they are more stable in vivo and 
in vitro [ 30 ],   

15.2.2     lncRNAs 

 Recently, more and more researchers have focused on long noncoding RNAs in 
cancer study, and some lncRNAs have a better cancer diagnose potential. 
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15.2.2.1     Intergenic lncRNAs and Cancer Diagnosis 

 Long intergenic noncoding RNAs, which are expressed on a noncoding region, 
represent an emerging and understudied class of transcripts that plays a signifi cant 
role in human cancers. The intergenic lncRNA sequence and transcription tend to 
turn over rapidly during evolution [ 31 ], so the intergenic lncRNAs may be species 
specifi c. White et al. [ 32 ] characterized the lncRNA landscape in lung cancer using 
publicly available transcriptome sequencing data from a cohort of 567 
adenocarcinoma and squamous cell carcinoma tumors and found an intergenic 
lncRNA LCAL1 by using a functional assay, which plays a role in lung cancer 
cellular proliferation. Tens of thousands of intergenic lncRNAs have been identifi ed 
[ 33 ]. It is no doubt that there are many intergenic lncRNAs that can be used for 
cancer diagnosis.  

15.2.2.2     Antisense lncRNAs and Cancer Diagnosis 

 Antisense lncRNAs, whose sequence overlaps with the antisense strand of a protein- 
coding gene, can have a direct relationship with protein-coding gene expression. 
PANDA (promoter of CDKN1A antisense DNA damage-activated RNA), produced 
from the CDKN1A promoter region, shows p53-dependent induction after DNA 
damage and aids in cell proliferation by inhibiting apoptotic genes [ 34 ]. ANRIL, 
which is an antisense noncoding RNA at the INK4 locus, is an antisense transcript 
of the CDKN2B gene. Its abnormal expression is associated to Philadelphia-positive 
acute lymphoblastic leukemia [ 35 ]. HOTAIR (HOX transcript antisense intergenic 
RNA), which is located in the HOXC cluster and regulates human HOXD gene 
cluster expression in trans by epigenetic events [ 36 ], is upregulated in breast, 
colorectal, hepatocellular, gastrointestinal, and pancreatic carcinomas. There are 
many other antisense lncRNA-associated cancers, such as ANRASSF1 [ 37 ] and 
HIF1a antisense RNAs [ 38 ] or so.  

15.2.2.3     Sense lncRNAs and Cancer Diagnosis 

 Many coding genes have alternative splicing subtypes, and some transcripts are 
noncoding RNAs. SRAs (steroid receptor RNA activators) can be translated into 
proteins, and the tRNA sequence can also act as a scaffold for several coactivator 
and repressor proteins to form complexes that regulate gene transcription in breast 
cancer [ 39 ]. Besides, there are some intronic lncRNAs [ 40 ] and cirRNAs [ 41 ] on the 
sense strand formed by splicing. For example, intronic lncRNA CAI2 contributes to 
advanced-stage neuroblastoma [ 42 ], and circular RNAs are enriched and stable in 
exosomes, which may serve as a promising biomarker for cancer diagnosis [ 43 ]. 

 Overall, more and more lncRNAs can serve as biomarkers for cancer diagnosis. 
Cancer is a multifactorial, multistep, and complicated disease. An advantage in the 
diagnostic use of ncRNA detection versus protein-coding RNAs is that ncRNAs are 
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effector molecules, whose expression levels may be a better indicator of the intrin-
sic biology of the tumor [ 12 ].    

15.3     Noncoding RNAs and Major Cancer Types 

15.3.1     microRNAs Acting as Diagnostic Cancer Biomarker 

 microRNAs (miRNAs), 21–22 nts small noncoding RNAs (ncRNAs), are involved 
in regulating gene expression by forming the RNA-induced silencing complex 
(RISC) and binding to specifi c sequences in the 3’-UTR of their target mRNAs to 
suppress translation or to induce mRNA degradation. Among the ncRNAs, miRNAs 
have been extensively studied in various types of cancers. Here, we have summarized 
their potential use in cancer diagnosis (see Fig.  15.1 ).

  Fig. 15.1    Summary about miRNAs and diagnostic cancer. Examples of microRNAs involved in 
cancer hallmarks. The eight biological capabilities acquired during the multistep development of 
human tumors include sustaining proliferative signaling, evading growth suppressors, resisting cell 
death, and enabling replicative immortality. An example of a microRNA is presented. This fi gure 
is adopted from “MicroRNAome genome: A treasure for cancer diagnosis and therapy” [ 76 ]       
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15.3.1.1       microRNAs and Colorectal Cancer 

 Li, L. et al. detected the level of miRNA-29b from 400 healthy controls and patients 
with colon cancer and found miRNA-29b can act as diagnostic biomarker for early- 
stage colon cancer both in the tissue and the plasma [ 44 ]. Valeri, N. et al. found that 
miRNA-135b is upregulated in colon cancer [ 45 ]. These studies have shown that 
more than one miRNAs have the potential to be biomarkers for diagnosis in 
colorectal cancer.  

15.3.1.2     microRNAs and Prostate Cancer 

 The role of miRNAs in the diagnosis, treatment, and prognosis of prostate cancer 
has drawn increasing attention in recent years, and the results regarding miRNAs in 
prostate cancer diagnosis are encouraging [ 46 ]. In 2006, Volinia et al. found that 
miR-106a is overexpressed in the tumor samples from 56 tumorous and seven 
normal tissue samples of prostate cancer [ 47 ]. The representative studies concerning 
miRNAs and prostate cancer are summarized in Tables  15.1  and  15.2 .

15.3.1.3         microRNAs and Hepatocellular Carcinoma (HCC) 

 miRNAs associated with HCC development have been investigated as diagnostic 
biomarkers for HCC [ 73 ]. They have been shown to accurately predict the prognosis 
of HCC. For example, studies have demonstrated that members of the miR-200 
family, miR-200a and miR-200b, are deregulated in HCC. Besides, a set of miRNAs, 
including miR-122, miR-192, miR-21, miR-223, miR-26a, miR-27a, and miR-801, 
have been shown to have high diagnostic accuracy in the early diagnosis of HBV- 
related HCC [ 74 ]. Lin and his colleagues showed that classifying the miRNA for 
HCC diagnosis was even better than AFP, since the specifi cities of the classifi er are 
around 80–90 %, offering a promising diagnostic accuracy and specifi city for HCC 
[ 75 ]. More details are summarized in Table  15.3 .

15.3.2         lncRNAs Acting as Diagnostic Cancer Biomarker 

 Long noncoding RNAs (lncRNAs) are a major class of transcripts, longer than 
200 nt and lack of protein-coding potential. Increasing evidence shows that many 
lncRNAs play vital roles in various cellular processes, especially in exerting 
infl uence on tumor biology. At the same time, some lncRNAs have tissue-specifi c 
expression in particular types of cancer, which makes them promising biomarkers 
for cancer diagnosis [ 94 – 96 ]. Here, we will review the application of some lncRNAs 
on cancer diagnosis. Table  15.4  has also summarized representative lncRNAs 
involved in carcinogenesis and acting as potential cancer biomarkers.
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   Table 15.1    miRNAs with the highest diagnostic value in prostate cancer   

 Sample type 

 Deregulated 
miRNAs (number of 
miRNAs) 

 miRNAs, selected 
as biomarkers  References 

 60 microdissected cellular 
elements of tumor tissue 
and 16 samples of normal 
tissue 

 Upregulated (21)  miR-32, miR-26a        [ 48 ] 
 Downregulated (21)  miR-181a, 

miR-196a, 
miR-25, miR-92, 
and let-7i 

 102 PC samples and 102 
normal tissue samples 

 Downregulated (54)  miR-205        [ 49 ] 

 49 PC samples and 25 
normal tissue samples 

 Downregulated (7)  miR-96-5p, 
miR-183-5p 

       [ 50 ] 

 miR-145-4, 
miR-221-5P 

      

 36 serum samples of PC 
patients and 12 healthy 
donors 

 Upregulated (6)  miR-20b, 
miR-874, 
miR-1274a, 
miR-1207- 
5pmiR-93, 
miR-106a 

       [ 51 ] 
 Downregulated (4) 

 miR-223, 
miR-26b, 
miR-30c, miR-24 

      

 78 plasma samples of PC 
patients and 28 healthy 
donors; 118 urine samples 
of PC patients and 17 
healthy donors 

 Downregulated (12)  miR-107, 
miR-574-3p 

       [ 52 ] 

 40 PC samples and 40 
normal tissue samples; 
urine samples of 36 PC 
patients and of 12 healthy 
donors 

 Downregulated (12)  miR-205, miR-214        [ 53 ] 

 Urine samples of eight 
patients with PC,12 BPH 
and ten healthy donors 

 Downregulated (17)  miR-1825 (only in 
PC) 

       [ 54 ] 

 miR-484 (in PC 
and BPH) 

      

 76 samples of PC and 76 
normal tissue 

 Upregulated (5)  miR-96, miR-182, 
miR-183, miR-375 

       [ 55 ] 
 Downregulated (10) 

 miR-16, miR-31, 
miR-125b, 
miR-145, 
miR-149, 
miR-181b, 
miR-184, 
miR-205, 
miR-221, miR-222 

      

  Notes 
 PC: prostate cancer; 
 BPH: benign prostatic hyperplasia; 
     : Increased expression 
     : decreased expression 
 Adopted from “The role of miRNAs in the development of prostate cancer” [ 46 ]  
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15.3.2.1       lncRNAs and Prostate Cancer 

 For example, lncRNA PCA3 (prostate cancer antigen 3) is overexpressed in pros-
tate cancer tissue compared to non-neoplastic prostatic tissue in the same patients 
[ 97 ]. PCGEM1 (prostate cancer gene expression marker 1), another lncRNA gene 
with highly prostate cancer tissue-specifi c expression, is associated with high-risk 
groups in prostate cancer [ 98 ]. PRNCR1 (prostate cancer noncoding RNA1) is 
highly expressed in prostate cancer cells [ 99 ]. Antti Ylipaa et al. have found that 
PCAT-5 (prostate-cancer-associated noncoding RNA transcript 5) as a novel bio-
marker for diagnosis in ERG-regulated prostate cancer [ 100 ]. PCAT-18, exhibiting 
a highly specifi c expression pattern in prostate cancer, is specifi cally expressed in 

   Table 15.2    miRNAs with altered expression in cancer diseases   

 Tumor type  Increased expression 
 Decreased 
expression  References 

 Breast cancer  miR-21, miR-29b-2, miR-31  miR-125b, 
miR-10b, miR-155, 
miR-17-5p, 
miR-27b 

 [ 56 ,  57 ] 

 Ovarian cancer  miR-373, miR-200  let-7f, miR-140, 
miR-145, miR- 
199a, miR-101 

 [ 5 ,  58 ] 

 Endometrial cancer  miR-205  miR-505  [ 59 ,  60 ] 
 Glioblastoma  miR-221, miR-21  miR-124  [ 61  , 62 ] 
 Lymphoma  miR-155, miR-17-92cluster  miR-15a  [ 63 ,  64 ] 
 Colorectal cancer  miR-10a, miR-17, miR-20a, 

miR-24-1, miR-29b-2, 
miR-31 

 miR-143, miR-145, 
let-7 

 [ 65 ,  66 ] 

 Thyroid cancer  miR-146, miR-181b, 
miR-197, miR-346 

 [ 67 ,  68 ] 

 Hepatocellular cancer  miR-18, miR-224  miR-199a, 
miR-195, miR- 
200a, miR-125a 

 [ 69 ,  70 ] 

 Testicular cancer  miR-372, miR-373  [ 71 ] 
 Pancreatic cancer  miR-221, miR-376a, 

miR-301, miR-21, miR-24, 
miR-100, miR-103, 
miR-107, miR-125 

 miR-375  [ 70 ,  71 ] 

 Cholangiocarcinoma  miR-21, miR-141, 
miR-200b 

 [ 69 ] 

 Prostate cancer  let-7d, miR-195, miR-203, 
miR-96, miR-183 

 miR-128a, 
miR-145, miR-221 

 [ 71 ,  72 ] 

 Gastric cancer  miR-223, miR-21, miR-103  miR-218  [ 70 ,  71 ] 
 Lung cancer  miR-17  let-7  [ 69 ,  70 ] 

  Notes 
 Adopted from “The role of miRNAs in the development of prostate cancer” [ 46 ]  
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   Table 15.3    Examples of malignant cells or body fl uid microRNA profi les with clinical 
signifi cances for patients with cancer   

 Cancer type  No. of patients  miRNA  Role  References 

 Multiple cancer  1809 patients: seven 
different types of 
cancer: breast cancer, 
primary head and neck 
squamous cell 
carcinoma, renal 
cancer, soft tissue 
sarcoma, pediatric 
osteosarcoma, bladder 
cancer, and 
glioblastoma 

 miR-210  Predictive effect on 
survival of patients 
with studied cancer 
types as indexed by 
disease-free 
survival, 
progression-free 
survival, and 
relapse-free survival 

 [ 77 ] 

 Multiple cancer  174 patients and 39 
controls: 50 breast 
cancers, 30 gastric 
cancers, 31 lung 
cancers, 31 esophageal 
cancers, and 31 
colorectal cancers 

 miR-21  Potential broad- 
spectrum serum- 
based diagnostic 
marker for the 
detection of solid 
tumors 

 [ 78 ] 

 Breast cancer  120 patients and 40 
controls 

 miRNAs: 
miR-10b, 
miR-17, 
miR-34a, 
miR-93, 
miR-155, 
miR-373 

 Known to be 
relevant for tumor 
development and 
progression; serum 
concentrations of 
deregulated 
miRNAs may be 
linked to a 
particular biology 
of breast cancer 
favoring 
progression and 
metastatic speed 

 [ 79 ] 

 Colon cancer  102 patients and 40 
controls 

 miR-141  Highly correlated 
with TNM stage in 
patients with 
colorectal cancer; 
elevated levels 
associated with liver 
metastasis in 
patients with 
colorectal cancer 

 [ 80 ] 

 Colon cancer  100 patients with 
colorectal cancer, 37 
with adenomas, and 59 
controls 

 miR-29a  Association with 
TNM stage in 
patients with 
colorectal cancer 

 [ 81 ] 

 Colon cancer  103 patients with 
colorectal cancer and 
37 controls 

 miR-221  Potential 
noninvasive 
molecular marker 
for diagnosis of 
colorectal cancer 

 [ 82 ] 

(continued)
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Table 15.3 (continued)

 Cancer type  No. of patients  miRNA  Role  References 

 Colon cancer  Phase1: 12 patients 
with stage 1 and stage 
IV colorectal cancer 

 miR-200c  Independent 
predictor of lymph 
node metastasis and 
tumor recurrence, 
emerging as an 
independent 
prognostic marker 
for colorectal 
cancer 

 [ 83 ] 

 Phase 2: 182 patients 
with colorectal cancer 
and 24 controls 
 Phase 3: 156 matched 
tumor tissues from the 
phase 2 colorectal cancer 
cohort plus an 
independent set of 20 
matched primary 
colorectal cancers with 
corresponding liver 
metastasis 

 Colon cancer  Exosome-enriched 
serum samples from 88 
patients with primary 
colorectal cancer and 
11 healthy controls and 
29 paired samples from 
patients after tumor 
resection 

 let-7a, 
miR-21, 
miR-23a, 
miR-150, 
miR-223, 
miR-1229, 
and 
miR-1246 

 The serum 
exosomal levels of 
seven miRNAs 
were signifi cantly 
higher in patients 
with primary 
colorectal cancer, 
even those with 
early-stage disease, 
compared with 
healthy controls and 
were signifi cantly 
downregulated after 
surgical resection of 
tumors 

 [ 84 ] 

 Gastric cancer  124 patients with 
noncardia gastric 
cancer and 36 patients 
with cardia 
adenocarcinoma and 
160 controls 

 miR-16, 
miR-25, 
miR-92a, 
miR-451, 
and 
miR-486-5p 

 Detection of the 
early-stage gastric 
cancer 

 [ 85 ] 

 Gastric cancer  104 patients and 65 
controls 

 miR-18a  Diagnostic power 
(high sensitivity and 
specifi city) 

 [ 82 ,  86 ] 

 HCC  101 patients, 89 
controls, and 48 
patients with hepatitis 
B 

 miR-21, 
miR-122, 
and 
miR-223 

 Elevated in patients 
with HCC or 
chronic hepatitis, 
with strong 
potential to serve as 
novel biomarker for 
liver injury but not 
specifi cally for 
HCC 

 [ 87 ] 

(continued)
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Table 15.3 (continued)

 Cancer type  No. of patients  miRNA  Role  References 

 Lung cancer  Training set of 64 
patients with 
adenocarcinoma; The 
Cancer Genome Atlas 
data set; 223 patients 
with adenocarcinoma 

 miR-31  Predictor of survival 
in a multivariate 
cox regression 
model even when 
checking for cancer 
staging; exploratory 
in silico analysis 
indicated that low 
expression of 
miR-31 is 
associated with 
excellent survival 
for patients with 
T2N0 disease 

 [ 88 ] 

 Lung cancer  25 paired NSCLC 
paracancerous tissues 
and serum,103control 
sera, and 201 patients 
with NSCLC 

 miR-19a  High-serum 
miR-19a expression 
may be an 
independent poor 
prognostic factor 
for survival in 
patients with 
NSCLC 

 [ 89 ] 

 Lung cancer  30 NSCLC patients and 
75 individuals without 
tumor pathology (e.g., 
infl ammatory 
interstitial diseases, 
infections, nontumor 
lung nodules, 
hemotypsis, and other 
diseases) 

 Exosomes 
isolated in 
plasma and 
BAL 

 In plasma, a higher 
percentage of 
miRNAs with 
increased levels 
compared with 
tumor BAL or in 
nontumor plasma; 
the data reveal 
differences between 
BAL and plasma 
exosome amount 
and miRNA content 

 [ 90 ] 

 Glioblastoma  Phase 1: 122 patients 
with untreated WHO 
grades 3 to 4 disease 
and 123 control serum 
samples 

 miR-15b, 
miR-23a, 
miR-133a, 
miR-150, 
miR-197, 
miR-497, 
and 
miR-548-5p 
and the 
seven- 
miRNA 
panel 

 The seven-serum 
miRNA panel 
demonstrated a high 
sensitivity and 
specifi city for the 
prediction of 
malignant 
astrocytomas; a 
marked difference 
in serum miRNA 
profi le was 
observed between 
high-grade 
astrocytomas and 
normal controls 

 [ 91 ] 

 Phase 2: 55 WHO grade 
2, 15 WHO grade 1, 11 
astrogliosis serum 
samples, and eight WHO 
grades 2 to 4 astrocytoma 
tumor tissues 

(continued)
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Table 15.3 (continued)

 Cancer type  No. of patients  miRNA  Role  References 

 Prostate cancer  Prebiopsy serum 
samples of 133 enrolled 
patients from three 
study centers 

 miR-26a-1 
and 
miR-141 

 The analysis of 
circulating miRNAs 
does not appear to 
help identify 
patients with cancer 
undergoing prostate 
biopsy; however, 
their levels may be 
useful to identify 
patients with 
high-risk prostate 
cancer 

 [ 92 ] 

 Ovarian cancer  360 patients with 
epithelial ovarian 
cancer and 200 controls 
from two institutions 

 miR-205, 
let-7f 

 Plasma miR-205 
and let-7f are 
biomarkers for 
ovarian cancer 
detection that 
complement CA 
125; let-7f may be 
predictive of 
ovarian cancer 
prognosis 

 [ 93 ] 

  Notes 
 Adopted from “MicroRNAome genome: A treasure for cancer diagnosis and therapy” [ 76 ]  

   Table 15.4    Representative lncRNAs involved in carcinogenesis and potential cancer biomarkers   

 Cancer type  lncRNAs  References 

 Esophagus  ENST00000435885.1, XLOC-013014, 
ENST00000547963.1 

 [ 107 ] 

 Stomach  GCAT1SUMOIP3  [ 108 ,  109 ] 
 Colon and rectum  HOTAIR, uc. 73  [ 110 ,  111 ] 
 Liver  HULC  [ 112 ] 
 Lung  MALAT1, TUG1  [ 113 ,  114 ] 
 Breast  HOTAIR, UCA1  [ 115 ,  116 ] 
 Ovary  HOTAIR  [ 117 ] 
 Bladder  UCA1, H19, Linc-UBC1, MALAT1, GAS5  [ 118 – 120 ] 
 Prostate  PCA3, PCAT1, PCGEM1  [ 121 – 123 ] 
 Glioma  H19  [ 124 ] 
 Melanoma  SAMMSON  [ 125 ] 
 Oral cavity and 
nasopharynx 

 lnc-c22orf32-1, lnc-AL355149.1-1, lnc-ZNF674-1  [ 126 ,  127 ] 

  Notes 
 Adopted from “Long Noncoding RNAs as New Architects in Cancer Epigenetics, Prognostic 
Biomarkers, and Potential Therapeutic Targets” [ 128 ]  
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prostate tissue and upregulated in prostate cancer compared with other benign and 
malignant tissues, indicating that it can act as a novel biomarker in diagnosis [ 101 ]. 
The potential utility of these long noncoding RNAs in a multi-biomarker method 
may successfully distinguish cancerous tissues from normal tissues.  

15.3.2.2     lncRNAs and the Esophagus 

 In esophageal squamous cell carcinoma (ESCC), several lncRNAs have been stud-
ied. The lncRNA Epist is generally highly expressed in the esophagus and down-
regulated during ESCC progression, acting as a tumor suppressor [ 102 ]. HOTAIR 
(HOX transcript antisense RNA) is upregulated in ESCC cell lines and patient sam-
ples and exhibits oncogenic activity in ESCC [ 103 ]. Levels of linc- POU3F3 are 
increased in ESCC samples from patients compared with noncancerous tissues 
[ 104 ]. Elevated expression of lncRNA CCAT2 is associated with poor prognosis in 
esophageal squamous cell carcinoma [ 105 ].  

15.3.2.3     lncRNAs and Hepatocellular Carcinoma 

 Several lncRNAs have been shown to be promising biomarkers for HCC. Li et al. 
detected eight lncRNAs from HCC patients and evaluated the diagnostic value and 
accuracy of the lncRNA profi ling system [ 59 ]. They found that HULC and 
Linc00152 were signifi cantly overexpressed in HCC, and the ROC values were 0.78 
and 0.85, respectively. The ROC value of the combination of HULC and Linc00152 
was 0.87, which is less than the AFP (0.89), suggesting the HULC and Linc00152 
achieve a fi ne diagnostic accuracy in diagnosing HCC.  

15.3.2.4     lncRNAs and Nasopharyngeal Carcinoma 

 Nie et al. have found that HOTAIR is of great clinical value for the diagnosis and 
treatment of nasopharyngeal carcinoma (NPC). NPC patients with higher HOTAIR 
levels have poor prognosis and short overall survival compared to those with lower 
HOTAIR levels using univariate and multivariate analysis [ 106 ].    

15.4     Circulating ncRNAs in Cancer 

 ncRNAs in plasma or serum may also serve as novel noninvasive biomarkers and 
blood-based assays and are easy to examine for cancer diagnosis and monitoring. 
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15.4.1     Circulating miRNAs as Cancer Biomarkers 

 Recently, the prevalent discovery of miRNAs in serum or plasma has provided a 
new approach for diagnostic screening in blood [ 129 ]. Many studies examined 
circulating miRNAs in the plasma or serum of cancer patients, which shows a good 
promise to serve as biomarkers for diagnosis too. The spectrum of circulating 
miRNAs varies among different types of cancers, such as lung cancer, breast cancer, 
hepatocellular carcinoma, colorectal cancer, leukemia, prostate cancer, and so on. 

15.4.1.1     Lung Cancer 

 Lung cancer represents the most common cancer worldwide with a high mortality 
rate due mainly to the fact that the disease generally only becomes clinically 
apparent at advanced stages and the lack of validated or cost-effective screening 
methods for early diagnosis [ 130 ]. More recently, several microRNAs (miRNAs) 
present in the peripheral blood have been proposed as stable and reproducible 
biomarkers for lung cancer diagnosis. 

 The fi rst comprehensive analysis of the miRNA spectrum in the serum of non- 
small- cell lung cancer (NSCLC) patients was carried by Chen et al. [ 131 ] in 2008. 
After high-throughput miRNA sequencing, they identifi ed miR-25 and miR-223 as 
NSCLC-specifi c miRNAs, which were upregulated in the serum of NSCLC patients. 
Following this study, most research aimed to identify circulating miRNAs with a 
diagnostic relevance in serum or plasma, but the results were highly heterogeneous, 
even in studies using similar biological materials. Bianchi et al. [ 132 ] used miR-197 
and miR-24 as internal references for their stability in the serum, while other authors 
[ 133 ,  134 ] reported that miR-24 and miR-197 were upregulated in the serum and 
plasma of NSCLC patients, respectively. Several studies [ 78 ,  135 – 137 ] identifi ed 
that miR-21 was one of the most frequently upregulated miRNAs in NSCLC. But 
among other studies [ 138 ,  139 ], two differentially expressed miR-15b and miR-27b 
were capable of distinguishing NSCLC from healthy cases with highest sensitivity 
and specifi city. With more and more miRNAs being found, it appears that one or 
two miRNAs could not be used in diagnosis of specifi c cancers because the same 
single miRNA might be dysregulated in several different cancers, and in certain 
cases a set of several miRNAs might show the same characteristics in cancer 
diagnosis. Therefore, miRNAs are applied in the diagnosis of cancers by using a 
cluster of miRNAs and estimating their integral effects in special diagnostic models. 
For example, Boeri et al. [ 140 ] demonstrated that nine circulating miRNAs (miR- 
221, miR-660, miR-486-5p, miR28-3p, miR-197, miR-106a, miR-451, miR- 
140- 5p, and miR-16) contributed to the malignancy and poor prognosis of lung 
cancer. Up to now, the circulating miRNA signatures for lung cancer diagnosis even 
contain a four-miRNA panel (miR-21, miR-126, miR-210, and miR-486-5p) [ 136 ], 
a ten-miRNA panel (miR-20a, miR-24, miR-25, miR-145, miR-152, miR-199a-5p, 
miR-221, miR-222, miR-223, and miR-320) [ 139 ], and so on. Therefore, the 
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application of multiple miRNAs in a novel diagnostic model may open up new 
opportunities for lung cancer diagnosis.  

15.4.1.2     Breast Cancer 

 Breast cancer is a heterogeneous disease with different molecular subtypes, biologi-
cal behaviors, and responses to therapy [ 141 ]. The therapeutic management depends 
on accuracy diagnostic biomarkers to guide the decision and treatment choices. 
Recently, more and more circulating miRNAs were employed as biomarkers to dif-
ferentiate breast cancer from normal. 

 In one of the fi rst studies, the authors found that miR-155 was upregulated in 
PR-positive breast cancer compared with negative tumors and healthy controls in 
serum specimens [ 142 ]. In another study, Heneghan et al. [ 143 ] identifi ed miR-195 
as a cancer-specifi c miRNA with elevated expression in the blood of patients with 
breast cancer. miR-29a and miR-21 were reported to be upregulated in the serum of 
patients with breast cancer [ 144 ,  145 ]. With the growing discovery of miRNAs in 
the blood, Hu et al. [ 146 ] conducted miRNA profi ling and demonstrated that the 
four-miRNA signature (miR-16, miR-25, miR-222, and miR-324-3p) could 
distinguish breast cancer patients from normal individuals. Furthermore, another 
study [ 147 ] found that miR-155 in combination with miR-145 and miR-182 could 
signifi cantly increase the sensitivity and specifi city of breast cancer diagnosis. 

 In addition, dysregulated expression of circulating miRNAs has also been shown 
to correlate with different breast cancer subtypes. For example, women with luminal 
A-like breast tumors exhibited downregulated miR-29a, miR-181a, miR-223, and 
miR-652 compared with healthy controls [ 148 ]. More importantly, combination of 
the three miRNAs (miR-29a, miR-181a, and miR-652) will get an AUC of 0.80 to 
differentiate luminal A-like breast cancer from controls [ 148 ]. The elevated levels of 
serum miR-214 [ 149 ], miR-10b, and miR-373 [ 150 ] are associated with lymph 
node metastasis in breast cancer patients. 

 Finally the altered levels of circulating miRNAs were also closely associated 
with breast cancer sex hormone receptor expression status and used to guide 
treatment choices. Heneghan et al. [ 143 ] found that the high serum levels of miR- 
10b were associated with the estrogen receptor status of breast cancer patients. 
Ruihua Zhao et al. [ 151 ] analyzed the correlation between miRNA-221 and 
chemosensitivity in breast cancer patients who previously received neoadjuvant 
chemotherapy (NAC) and found that the plasma miRNA-221 expression level was 
correlated with overall response rate but not with pathologic complete response. 
The miRNA-221 expression was negatively correlated with hormone receptor (HR) 
expression which was defi nitely predictive for chemoresistance, suggesting that 
patients with high miRNA-221 expression were more likely to be chemoresistant to 
taxane and anthracycline. Meanwhile, Rao et al. [ 152 ] showed that miRNA-221/222 
overexpression confers fulvestrant resistance in breast cancer. These studies indicate 
that plasma miRNA-221 might be an effi cient biomarker for sensitivity to NAC in 
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breast cancer patients. Furthermore, two studies from Wang et al. [ 153 ] and Jung 
et al. [ 154 ] presented that circulating miRNA-125b was associated with 
chemotherapeutic resistance of breast cancer via directly targeting the E2F3 gene 
and miRNA-210 was correlated with trastuzumab resistance in patients with HER2- 
positive breast cancer. Overall, these studies have shown that circulating miRNAs 
can serve as promising markers for breast cancer diagnosis, prognosis, and therapy 
monitoring.  

15.4.1.3     Liver Cancer 

 Recently, many efforts have been made to develop noninvasive serum biomarkers 
for the diagnosis of liver cancer. Despite remarkable advances, the reliability of 
biomarkers such as AFP is still debatable [ 155 ]. Indeed, the specifi city of AFP is 
low, especially in the context of chronic liver disease. Fortunately, altered levels of 
circulating miRNAs were shown in patients with liver cancers. In 2010, the fi rst 
study [ 156 ] on circulating miRNAs in liver cancer patients was reported, where the 
authors had identifi ed 13 miRNAs that apparently expressed in the hepatitis B virus 
(HBV) serum compared with those in control serum. These 13 miRNAs can 
accurately discriminate not only HBV cases and HCV cases from controls but also 
HBV-positive hepatocellular carcinoma (HCC) cases from control and HBV cases. 
Interestingly, six miRNAs (miRNA-1, miRNA-25, miRNA-92a, miRNA-206, 
miRNA-375, and let-7f) were signifi cantly upregulated in HCC patients compared 
to healthy controls. Moreover, a set of three miRNAs (miR-25, miR-375, and let-7f) 
out of the six miRNAs showed a high ability to distinguish HCC cases from healthy 
controls. Among these miRNAs, miR-375 alone had 100 % sensitivity and 96 % 
specifi city in predicting HCC156. Therefore, this study has demonstrated that 
circulating miRNAs can serve as novel noninvasive biomarkers for HBV-positive 
HCC diagnosis. In another independent study, Xu et al. [ 157 ] showed that miR-21, 
miR-122, and miR-223 had higher serum levels in HCC and chronic hepatitis B 
(CHB) patients compared with healthy controls. Other studies [ 158 ] found that 
miR-221 increased both in tissue and in serum of HCC patients, and its expression 
was correlated with tumor size, cirrhosis, and tumor stages. 

 The high specifi city of circulating miRNAs for HCC diagnosis is very important 
to avoid false positivity. A recent study [ 159 ] has showed that decreased serum 
levels of miR-16 and miR-199a can discriminate HCC patients from patients with 
chronic liver diseases. More importantly, the combination of miR-16 and AFP can 
improve diagnostic sensitivity and specifi city for HCC. Additionally, combined 
utilization of circulating miR-15b and miR-130b can potentially distinguish HCC 
from HBV hepatitis patients [ 160 ]. For early diagnosis, circulating miRNAs such as 
miR-15b, miR-130b, and miR-16 have been identifi ed as potential candidates [ 160 , 
 161 ]. Especially, miR-15b and miR-130b can get an increased sensitivity for liver 
cancer diagnosis when combined with AFP.  
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15.4.1.4     Gastric Cancer 

 Gastric cancer (GC) is the fourth most common cancer and the third leading cause 
of cancer mortality worldwide. To date, there is a lack of high sensitivity or specifi c-
ity markers for current GC diagnosis. Circulating miRNAs used as potential bio-
markers have been extensively studied in GC, and numerous miRNAs are considered 
as promising candidates for GC diagnosis [ 162 ]. In 2010, Tsujiura et al. [ 163 ] fi rst 
reported that four miRNAs (miR-17-5p, miR-21, miR-106a, and miR- 106b) are 
signifi cantly increased in plasma from a GC patient. Then another group [ 164 ] also 
identifi ed that miR-17-5p and miR-106a in plasma can obviously distinguish GC 
patients from normal individuals. In the subsequent studies [ 165 – 167 ], several 
groups also found that miR-21 is altered in GC patients’ plasma. Most importantly 
the combination of miR-21 with miR-223 and miR-218 can get the highest diagnos-
tic value for GC detection in humans, regardless of tumor site, tumor stage, and 
pathological type [ 168 ]. Furthermore, other miRNAs (such as miR-1, miR-16, miR-
18a, miR-20a, miR-25, miR-27a, miR-34a, miR-92a, miR-100, miR- 103, miR-
106a, miR-106b, miR-107, miR-146a, miR-148a, miR-192, miR-194, miR-196a, 
miR-199a-3p, miR-200c, miR-210, miR-221, miR-223, miR-376c, miR-378, miR-
423-5p, miR-421, miR-451, miR-486-5p, miR-744, and miR-93) are upregulated in 
the circulation of GC patients, of which miR-378 and miR-199a were shown to be 
potential markers for the early GC diagnosis. Moreover, besides the upregulated 
miRNAs, many circulating miRNAs are reduced in the blood of GC patients. miR-
122 and miR-195 are the two mainly downregulated circulating miRNAs in GC 
patients, thus suggesting that both of them were potential diagnostic markers for GC 
screening [ 169 ].  

15.4.1.5     Colorectal Cancer 

 Circulating miRNAs are also widely studied in colorectal cancer (CRC) diagnosis. 
Firstly, Ng, E. K. et al. [ 170 ] found a differential expression of microRNAs in the 
plasma of patients with colorectal cancer compared to normal cohort. Then, they 
identifi ed that miR-92 could serve as a potential noninvasive marker for CRC 
diagnosis. Moreover, another group [ 81 ] even confi rmed that miR-29a and miR-92 
are upregulated in the plasma of early-stage CRC. A recent study [ 171 ] also showed 
that serum miR-29a is a promising novel marker for early detection of colorectal 
liver metastasis, yielding an ROC–AUC of 80.3 %. Another characteristic miRNA 
profi ling (upregulated miR-21 and let-7 g and downregulated miR-31, miR-181b, 
miR-92a, and miR-203) demonstrated that miR-92 can distinguish CRC patients 
from normal controls with high sensitivity and specifi city [ 172 ]. Besides, miR-29a, 
miR-92, and miR-21 are the most widespread miRNAs in CRC patients. The serum 
level of miR-21 can differentiate CRC patients from controls with 90 % specifi city 
and sensitivity and get an ROC curve area of 0.85 for CRC [ 173 ]. Moreover, miR- 
200c and miR-29a were reported as potential noninvasive biomarkers for CRC 
prognosis and predicting metastasis [ 174 ]. There are other several miRNAs, such as 

M.-S. Zeng



409

miR-141, miR-601, miR-760, miR-130, miR-145, miR-216, and miR-372, which 
were reported as potential biomarkers for CRC diagnosis [ 175 ,  176 ].  

15.4.1.6     Hematologic Cancer 

 Circulating miRNAs have the closest relationship with blood cells. As early as 
2004, Chen and colleagues identifi ed that miR-181 is specifi cally expressed in 
lymphoid lineages, while miR-223 and miR-142 are expressed only in myeloid cells 
[ 177 ]. Until 2008, the fi rst study on circulating miRNAs in hematologic cancer was 
reported in which the authors noted that miR-21, miR-155, and miR-210 were 
signifi cantly upregulated in the serum of patients with diffuse large B-cell lymphoma 
(DLBCL) [ 178 ]. Another study examined that both miR-21 and miR-92 are potential 
biomarkers for DLBCL diagnosis [ 179 ]. Apart from DLBCL, circulating miRNAs 
were also shown to be signifi cantly altered in other hematologic cancers. For 
example, miR-150 and miR-342 were shown to be promising biomarkers in acute 
myeloid leukemia (AML) diagnosis [ 180 ]. Chronic lymphocytic leukemia (CLL) 
patients showed seven upregulated plasma miRNAs (miR-150, miR-19b, miR-92a, 
miR-223, miR-320, miR-484, and miR-17) [ 181 ]. Furthermore, more and more 
miRNAs were identifi ed as biomarkers for different hematologic cancer diagnoses. 
As reported, miR-155, miR-125, miR-181, miR-221/222, and miR-29a are 
upregulated in AML, and miR-181, miR-221/222, and miR-29a also showed their 
diagnostic potential in CLL [ 182 – 184 ]. Additionally, miR-17-92, miR-15a/16-1, 
and miR21 have been proposed as diagnostic/prognostic biomarkers for multiple 
myeloma (MM) [ 185 ]. But among the three miRNAs, the levels of miR-17-92 [ 186 ] 
and miR21 [ 187 ] are altered in B-cell lymphoma. Due to the similarity among 
different hematologic cancers, many miRNAs overlap for diagnosis in hematologic 
cancers. Combination with traditional pathology will get better diagnostic effi ciency 
in hematologic cancer early screening.   

15.4.2     Circulating Piwi-Interacting RNAs as Cancer 
Biomarkers 

 Up to now, most of reported piwiRNAs focus on gastric cancer [ 188 ]. It’s reported 
that piR-823 and piR-651 are both at lower levels in circulating tumor cells (CTCs) 
in the peripheral blood of gastric cancer patients, compared with normal controls. 
Furthermore, both piR-651 and piR-823 are more sensitive than the commonly used 
biomarkers such as serum carcinoembryonic antigen (CEA) and carbohydrate 
antigen 19–9 (CA19-9) for gastric cancer, thus making them possible as early 
diagnosis markers for gastric cancer [ 189 ]. Although, as a drawback, most of the 
piwiRNAs are instable, while piR-651 and piR-823 in blood samples are relatively 
stable. Most piRNAs play a role in other cancer types, such as piR-Hep1, which was 
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shown to contribute to the invasion of hepatocellular carcinomas [ 190 ]. These 
fi ndings indicate that piRNAs may be promising molecular markers for the diagnosis 
of certain cancers.  

15.4.3     Circulating snoRNAs in Cancer 

 Some snoRNAs exhibit altered expression patterns in a variety of human cancers 
and can affect cell transformation, tumorigenesis, and/or metastasis. Up to now, 
many reports have shown that snoRNAs are stably detectable in blood plasma and 
serum samples. Therefore, snoRNAs can serve as potential fl uid-based novel 
biomarkers for cancer diagnosis. Jipei Liao et al. [ 191 ] identifi ed that three plasma 
snoRNAs (snoRD33, snoRD66, and snoRD76) could signifi cantly distinguish 
NSCLC patients from both normal individuals and patients with chronic obstructive 
pulmonary disease with 81.1 % sensitivity and 95.8 % specifi city. Furthermore, 
snoRA42 was regarded as a potential biomarker in lung cancer diagnosis [ 192 ]. 
Besides, the potential for the development of snoRNAs as biomarkers is supported 
by a study in head and neck squamous cell carcinomas and breast cancers. Gee et al. 
[ 193 ] found that the expression levels of C/D box snoRNAs RNU44 and RNU43 are 
associated with poor prognosis in head and neck squamous cell carcinomas and 
breast cancers. Furthermore, Appaiah et al. [ 194 ] found that the U6/SNORD44 ratio 
is consistently high in breast cancer patients with or without active diseases. Taken 
together, snoRNAs may serve as potential biomarkers for cancer diagnosis. Now the 
high-throughput techniques can identify more informative snoRNAs as biomarkers 
for cancer diagnosis and prognosis with higher sensitivity and specifi city.  

15.4.4     Circulating Circular RNAs 

 Covalently closed circular RNA molecules (circRNAs) have recently emerged as a 
class of RNA isoforms with widespread and tissue-specifi c expression across 
animals, usually independent on the corresponding linear mRNAs. circRNAs are 
remarkably stable and sometimes highly expressed molecules, which are ideal 
biomarkers for cancer diagnosis. CDR1as, a circRNA reported by Memczak et al., 
[ 41 ] and ciRS-7 by Hansen et al. [ 195 ] contain roughly 63–70 evolutionarily 
conserved binding sites for microRNA-7 (miR-7) and form a complex with AGO 
proteins. ciRS-7 also plays an important role in Alzheimer’s disease [ 196 ]. There 
are some controversies regarding to the quantity of circRNAs existing in plasma. 
Koh et al. reported only a few (less than 100) circular RNAs were detected in plasma 
[ 197 ], while, in another report, around 2400 circRNA candidates were detected in 
human whole blood and observed with RNA-Seq [ 198 ]. In addition, the overall 
circRNA expression level in blood is unexpectedly similar to that of neuronal tissues 

M.-S. Zeng



411

where circRNAs are highly abundant [ 199 ]. For example, Li et al. [ 200 ] found that 
the plasma level of Hsa_circ_002059, a typical circular RNA, can signifi cantly 
differentiate postoperative gastric cancer patients and preoperative gastric cancer 
patients. Importantly, they further demonstrated that reduced expression of Hsa_
circ_002059 was signifi cantly correlated with distal metastasis. Furthermore, Qu 
et al. [ 201 ] employed a circular RNA microarray to explore the signature of circular 
RNAs in pancreatic ductal adenocarcinoma (PDAC), and they revealed that the 
circRNA expression signatures of PDAC are dysregulated. All of these fi ndings 
indicate that circRNAs can be involved in the initiation and progression of 
PDAC. Circular RNAs as a novel class of RNAs with high stability may serve as 
prefect biomarkers for cancer diagnosis, though more studies are needed to explore 
this fi eld.  

15.4.5     Exosomal ncRNAs 

 Recent studies showed that a signifi cant portion of circular ncRNAs in plasma or 
serum are carried by exosomes. Exosomes are bilayered lipid vesicles of endocytic 
origin with diameters 40–100 nm in size [ 202 ]. They can also be found in nearly all 
human body fl uids, including plasma, serum, urine, saliva, breast milk, cerebrospinal 
fl uid, chest water, and amniotic fl uid [ 203 ]. Exosomes are derived from many cell 
types such as B-cells, T-cells, dendritic cells, neurons, and epithelial cells especially 
tumor cells, which contain multiple functional substances such as proteins, DNA, 
mRNA, miRNA, and long noncoding RNA. They play an important role in 
intercellular communicating by transferring some effector biomolecules such as 
noncoding RNAs, DNA, and protein. It has been reported that exosomes mediate 
intercellular communication by which viruses transfer genetic materials from 
infected NPC cells to neighboring cells. Gourzones et al. [ 204 ] detected BART-
miRNAs in exosomes from the plasma of NPC patients. BART-miRNAs encoded 
by EBV play an important role in interrupting host-cell regulatory pathways and 
evading immune responses. A free exosome database named ExoCarta (  http://www.
exocarta.org    ) was launched in 2009 as a resource to compile proteins and RNAs 
identifi ed in exosomes [ 205 ]. Noncoding RNAs in exosomes show their potential as 
detection tools to provide more distinct and complementary information about the 
tumor phenotype. 

 The molecular content of exosomes are protected by a lipid membrane, so they 
are more stable and resistant to RNase enzymatic activity compared to other types 
of miRNAs. Noncoding RNAs meet the basic conditions for utility as biomarkers 
that may be measured repeatedly and noninvasively, and microRNAs (miRNAs) are 
the most extensively studied noncoding RNAs. Here, we will focus on the diagnosis 
of exosomal microRNAs. 
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15.4.5.1     Exosome miRNAs as Biomarkers of Cancer Diagnosis 

 Numerous studies indicate that expression of miRNAs in exosomes is different in 
the normal condition and pathological conditions such as tumor, which shows a 
good promise to serve as biomarkers for diagnosis. In addition, exosome-associated 
miRNAs in biofl uids have been suggested as potentially minimally invasive 
biomarkers for multiple human diseases. 

 Samsonov, R. et al. identifi ed three miRNAs (miR-574-3p, miR-141-5p, miR- 
21- 5p) with signifi cant upregulation in urinary exosomes associated with prostate 
cancer [ 206 ]. Cazzoli, R. et al. selected 14 microRNAs from a wide-range analysis 
of 746 microRNAs, analyzed the level of these miRNAs in circulating exosomes, 
and identifi ed four miRNAs (miR-378a, miR-379, miR-139-5p, and miR-200b-5p) 
as screening markers that can distinguish lung adenocarcinoma patients from 
healthy former smokers. They also selected six miRNAs (miR-151a-5p, miR- 
30a- 3p, miR-200b-5p, miR-629, miR-100, and miR-154-3p) for segregating lung 
adenocarcinoma patients and lung granuloma patients [ 207 ]. Singh, R. et al. found 
that the expression level of miR-10b in metastatic MDA-MB-231 breast cancer 
cells is higher than non-metastatic MCF-7 [ 208 ], suggesting that miR-10b may be 
the potential biomarker to distinguish two groups: metastatic breast cancer and non- 
metastatic breast cancer [ 208 ]. They also demonstrated that exosome-based miRNA 
analyses in blood samples are better to distinguish malignant and non-malignant 
lesions. It was reported that the exosome-based miRNA-30a and miRNA-192 are 
signifi cantly increased in the plasma of alcoholic hepatitis patients, showing prom-
ising values for diagnosis of alcoholic hepatitis [ 209 ]. Taken together, these indicate 
that exosome-based miRNAs are superior to traditional diagnostic biomarkers.  

15.4.5.2     Methods of Detecting Exosome-Based Noncoding RNA 

 Although exosomes contain a large amount of miRNAs, quantitative analysis of 
their abundance and stoichiometry are lacking. Recently, a number of effi cient 
methods have been established to detect miRNAs, such as quantitative real-time 
PCR (RT-PCR), northern blotting, microarray-based analysis, digital PCR, and 
next-generation sequencing (NGS). Among them, the two most common ones to 
validate certain miRNAs are RT-PCR and northern blotting. Analysis of microarray- 
based miRNA expression can be quick and highly effi cient to screen for interesting 
miRNAs, but it is relatively less accurate and reproducible compared to qRT-PCR 
[ 210 ]. Array-based technologies are able to analyze a large number of miRNAs, but 
the accuracy needs to be improved. Digital RT-PCR can be used for clinical 
diagnostic purpose for absolute quantifi cation but only suitable for small-scale 
samples [ 211 ]. Therefore, improvement of these methods will promote multiplexing 
analysis of miRNA, which is needed in the future. NGS has gained particular 
attention to its potential applicability on biofl uids. Matullo et al. showed that NGS 
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is suitable for analyzing miRNA profi les in urine for biomarker discovery in 
urothelial carcinoma. Using NGS technology, they identifi ed 66–184 miRNAs in 
exosomes and detected miR-3648 and miR-4516 specifi cally in cell-free urine 
[ 212 ]. NGS also represents a unique tool to investigate different layers of 
transcriptome complexity at an incredible level of resolution [ 213 ]. With recent 
reduction in the cost of NGS, it becomes more feasible to analyze a larger number 
of samples. However, additional studies are also needed to improve nucleic acid 
extraction and the procedure to prepare small RNA libraries.  

15.4.5.3     Challenges with Exosomes for Diagnosis 

 Exosome-based analysis reduces the complexity of techniques with biofl uids, so we 
can detect low-abundant biomolecules more specifi cally and more sensitively. 
Although there is growing interest in the potential use of exosomal protein and 
miRNAs as tumor biomarkers, isolation of exosomes is extremely challenging. 
Today, many methods have been developed to isolate exosomes including differential 
centrifugation coupled with ultracentrifugation, immunoaffi nity capture, density 
gradient separation, affi nity chromatography separation, and some commercial kits 
[ 214 ]. As we all know, ultracentrifugation is a classic and widely used method for 
exosome isolation. Commercial kits such as the ExoQuick are easy to handle and 
quick to process, which needs only a common centrifugation, but they are still too 
expensive to use in clinical settings. Thus, all the methods for exosome isolation 
have advantages and disadvantages. More importantly, there is no quantitative 
analysis for miRNA abundance and stoichiometry. The development and clinical 
application of exosomal miRNA-based assays are challenged by the lack of 
knowledge about exosome structure and biological functions, as well as the absence 
of standard preparation protocols.  

15.4.5.4     The Future of Exosome-Mediated Diagnosis 

 Recently, more and more studies showed that the biological roles of exosomes are 
crucial in cancer progression. Given the fact that exosome-based miRNAs are 
identifi ed as one of the major components stably present in exosomes, they can act 
as stable sources of biomarkers in various tumors that refl ect the different stages. It 
would be of great interest for future studies to develop other potential applications 
of exosome-based miRNAs. Therefore, analyses of exosome-based miRNA 
biomarkers have a huge potential for clinical use. Exosome-based miRNAs have 
opened up a new fi eld for cancer diagnosis because they simply require body fl uid 
samples for detection, which is noninvasive and convenient. However, as the fi eld is 
still in the early stage of development, robust methods are needed to harness the true 
potential of exosome-based miRNAs in the clinical scenario.    
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15.5     ncRNAs in Non-blood Body Fluids 

 In addition to hematologic ncRNAs, the presence of ncRNAs in non-blood body 
fl uids may also represent a gold mine of noninvasive biomarkers in cancer diagnosis. 

15.5.1     ncRNAs in Saliva 

 Saliva is a kind of complex body fl uid produced by salivary glands (parotid, 
submandibular, and sublingual). Several recent studies reported that miRNAs in 
tissue, plasma, and saliva share similar expression profi les. Saliva analysis is thought 
to be an ideal assay, as it provides a noninvasive method for early detection of 
diseases. 

 In 2009, Park et al. [ 215 ] measured 314 miRNAs using RT-PCR in 12 healthy 
controls. Selected miRNAs were validated in 50 oral squamous cell carcinoma 
patients. Two miRNAs, miR-125a and miR-200a, show signifi cantly lower levels in 
the saliva of oral squamous cell carcinoma patients than those in control subjects. 
The authors claimed that saliva miRNAs can be used for oral cancer detection. 

 In 2013, Xie et al. [ 216 ] found distinctive miRNAs for esophageal cancer in both 
whole saliva and saliva supernatant. miR-10b, miR-144, and miR-451 in whole 
saliva and miR-10b, miR-144, miR-21, and miR-451 in saliva supernatant are 
signifi cantly upregulated in esophageal cancer patients with sensitivities of 89.7 %, 
92.3 %, 84.6 %, 79.5 %, 43.6 %, 89.7 %, and 51.3 %, respectively, and specifi cities 
of 57.9 %, 47.4 %, 57.9 %, 57.9 %, 89.5 %, 47.4 %, and 84.2 %, respectively. These 
miRNAs show discriminatory power for detection of esophageal cancer. 

 Changes in microRNA expression have been reported in pancreatic cancer. Xie 
et al. [ 217 ] used an Agilent microarray and validated candidate biomarkers in 40 
patients with pancreatic cancer, 20 with benign pancreatic tumors (BPT), and 40 
healthy controls. miR-3679-5p showed signifi cant downregulation in the pancreatic 
cancer group within the three categories (P = 0.008, 0.007, and 0.002, respectively), 
whereas miR-940 showed signifi cant upregulation in pancreatic cancer (P = 0.006, 
0.004, and 0.0001, respectively). In logistic regression models, a combination of 
two salivary miRNAs could diagnose pancreatic cancer within the three categories 
with the sensitivities of 72.5 %, 62.5 %, and 70.0 % and the specifi cities of 70.0 %, 
80.0 %, and 70.0 %, respectively. These studies all suggest that microRNAs in saliva 
could be a biomarker for pancreatic cancer.  

15.5.2     Urinary ncRNAs as Biomarkers in Urologic Cancers 

 Noncoding RNAs possess the diagnostic potential with virtue of the highly tissue- 
and cancer-specifi c expression in urologic malignancies. Urologic cancers are 
generally divided into three classes: the prostate cancer (PCa), renal cell carcinoma 
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(RCC), and bladder cancer (BCa). Detection of highly stable urinary miRNAs can 
be used as noninvasive procedure for early diagnosis. Since the FDA approved the 
long noncoding PCA3 [ 218 ] RNA-based urine test for diagnosis of PCa patients, 
more researchers have started to focus on exploring more novel noncoding RNAs 
which can serve as biomarkers associated with urologic cancers. 

15.5.2.1     PCa 

 PCa antigen 3 (PCA3), a prostate-specifi c noncoding RNA, is an approved diagnostic 
urinary biomarker for PCa and shows a superior diagnostic potential to biopsy. Kok 
et al. [ 218 ] identifi ed DD3PCA3 as one of the most specifi c prostate-cancer- 
associated genes in 2002. Expression of the DD3PCA3gene is a very sensitive and 
specifi c marker for detection of prostate tumor cells with a high background of 
normal (prostate) cells. After this groundbreaking discovery, Gils et al. [ 219 ] tested 
PCA3 scores between men with negative and positive biopsy fi ndings. The 
sensitivity for the detection of PCa by the urine PCA3 assay was 65 %. Meanwhile, 
the specifi city was 66 % (compared with 47 % for the serum PSA test) and the 
negative predictive value was 80 %. PCA3 ncRNA urine test can improve the 
specifi city in prostate cancer diagnosis and prevent many unnecessary prostate 
biopsies. Therefore, PCA3 ncRNAs are so far the most widely used measurement 
for prostatic clinical application in body fl uids such as blood, ejaculate, and urine. 

 Recently, high miRNA levels have been reported in the urine of PCa patients. 
Yamada et al. [ 220 ] reported that the expression levels of miR-96 and miR-183 in 
the urine samples are signifi cantly higher in 100 urologic cancers (UC) than in 
healthy controls. Each microRNA has good sensitivity and specifi city to distinguish 
UC patients from non-UC patients (miR-96, 71.0 %, and 89.2 %; miR-183, 74.0 %, 
and 77.3 %). In particular, upon combination of miR-96 and urinary cytology data, 
sensitivity of diagnosis could rise from 43.6 to 78.2 %. In another study, Lewis et al. 
[ 221 ] indicated a correlation of miR-888 and disease progression. They found that 
miR-888 expression in EPS urine (expressed prostatic secretions in urine) correlates 
with high-grade prostate cancer patients. miR-888 can be an ideal biomarker to 
diagnose high-grade prostate cancer.  

15.5.2.2     BCa 

 Although urethrocystoscopy is considered as the “gold” standard, a new noninvasive 
diagnostic biomarker is highly needed in patients with BCa. Hanke et al. [ 222 ] 
identifi ed that the RNA ratio of microRNA-126/microRNA-152 enables detection 
of BCa in the urine with a specifi city of 82 % and a sensitivity of 72 %. Another 
study demonstrated that the expression levels of miR-96 and miR-183 in the urine 
samples were signifi cantly higher in 100 UC patients than in healthy controls.  
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15.5.2.3     RCC 

 The absence of specifi c biomarkers makes it diffi cult to early diagnose RCC. Several 
studies described the important role of miRNAs in the histological classifi cation of 
RCC and in the prediction of prognosis. Changes in miRNA expression have been 
observed in many types of cancer. miRNAs have been shown as promising 
biomarkers for alimentary tract-specifi c screening of RCC with high sensitivity and 
specifi city.   

15.5.3     ncRNAs in Feces 

15.5.3.1     The Novel Biomarkers in Colorectal Cancer 

 Colorectal cancer (CRC) is a malignant disease ranking as the fourth most common 
cause of cancer-related deaths in the world. Thus, early detection is required 
urgently. However, current screening methods including colonoscopies, fecal occult 
blood tests (FOBT), and fecal immunochemical tests (FIT) lack sensitivity and 
convenience. 

 In 2009, Ahmed et al. [ 223 ] analyzed miRNA expression in stool and tissue 
samples of 15 CRC patients. Seven upregulated miRNAs in CRC were observed, 
which include miR-21, miR-106a, miR-96, miR-203, miR-20a, miR-326, and miR- 
92. miR-21, miR-20a, miR-106a, and miR-203 were also described in two important 
papers by Schetter et al. and Yantiss et al. [ 224 ]. In another study enrolling 206 CRC 
patients and 134 healthy volunteers, Koga et al. conducted miRNA expression 
analysis of exfoliated colonocytes isolated from feces for CRC screening and the 
sensitivity and specifi city of miRNA expression assay were 74 % and 79 %, 
respectively [ 225 ]. After that, Kalimutho et al. [ 226 ] reported that miR-144 was 
overexpressed in paired CRC tissues using RT-qPCR analysis. The level of miRNAs 
detected in feces strongly refl ects the changes occurring in corresponding tissues. 
miR-144 represents a novel fecal-based diagnostic marker for CRC screening.  

15.5.3.2     The Noninvasive Biomarkers of Pancreatic Cancer 

 Pancreatic cancer (PCA) is a major leading cause of gastrointestinal cancer-related 
deaths in Europe and the USA. Therefore, searching for potential biomarkers is 
important for early detection and prevention of malignancies. 

 In 2012, Link et al. [ 227 ] analyzed fecal miRNA expression in patients and 
healthy controls with chronic pancreatitis and PCA. They revealed that the 
expression levels of miR-216a, −196a, −143, and −155 were higher in controls and 
lower in PCA. The fecal miRNA-based approach to screen for pancreatic tumors 
could be easily translated into clinical practice, compared to the currently available 
invasive PCA diagnostic tests. 
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 miRNA detection is a promising method for cancer screening. In addition, it is a 
noninvasive method for cancer screening and the materials are easy to obtain. In 
recent years, microRNA diagnostic markers have been shown as a viable new 
screening method for gastrointestinal cancer.       

   References 

    1.    Anker P, Mulcahy H, Stroun M. Circulating nucleic acids in plasma and serum as a noninva-
sive investigation for cancer: time for large-scale clinical studies? Int J Cancer. 2003;103:149–
52. doi:  10.1002/ijc.10791    .  

    2.    Perez DS, et al. Long, abundantly expressed non-coding transcripts are altered in cancer. 
Hum Mol Genet. 2008;17:642–55. doi:  10.1093/hmg/ddm336    .  

    3.    Ponting CP, Belgard TG. Transcribed dark matter: meaning or myth? Hum Mol Genet. 
2010;19:R162–8. doi:  10.1093/hmg/ddq362    .  

    4.    Place RF, Noonan EJ. Non-coding RNAs turn up the heat: an emerging layer of novel regula-
tors in the mammalian heat shock response. Cell Stress Chaperones. 2014;19:159–72. 
doi:  10.1007/s12192-013-0456-5    .  

     5.    Gomes AQ, Nolasco S, Soares H. Non-coding RNAs: multi-tasking molecules in the cell. Int 
J Mol Sci. 2013;14:16010–39. doi:  10.3390/ijms140816010    .  

    6.    Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. Circular RNAs are the predominant 
transcript isoform from hundreds of human genes in diverse cell types. PLoS ONE. 2012;7, 
e30733. doi:  10.1371/journal.pone.0030733    .  

    7.    Weick EM, Miska EA. piRNAs: from biogenesis to function. Development. 2014;141:3458–
71. doi:  10.1242/dev.094037    .  

    8.    Rinn JL, Chang HY. Genome regulation by long non-coding RNAs. Annu Rev Biochem. 
2012;81:145–66. doi:  10.1146/annurev-biochem-051410-092902    .  

    9.    Hodgkinson A, Chen Y, Eyre-Walker A. The large-scale distribution of somatic mutations in 
cancer genomes. Hum Mutat. 2012;33:136–43. doi:  10.1002/humu.21616    .  

    10.    Cheetham SW, Gruhl F, Mattick JS, Dinger ME. Long non-coding RNAs and the genetics of 
cancer. Br J Cancer. 2013;108:2419–25. doi:  10.1038/bjc.2013.233    .  

    11.    Pin Wang YX, Han Y, Lin L, Wu C, Xu S, Jiang Z, Xu J, Liu Q, Cao X. The STAT3-binding 
long non-coding RNA lnc-DC controls human dendritic cell differentiation. Science. 
2014;18:310–3. doi:  10.1126/science.1251456    .  

     12.    Qi P, Du X. The long non-coding RNAs, a new cancer diagnostic and therapeutic gold mine. 
Mod Pathol. 2013;26:155–65. doi:  10.1038/modpathol.2012.160    .  

    13.    Mercer TR, Dinger ME, Mattick JS. Long non-coding RNAs: insights into functions. Nat 
Rev Genet. 2009;10:155–9. doi:  10.1038/nrg2521    .  

    14.    Taft RJ, Pang KC, Mercer TR, Dinger M, Mattick JS. Non-coding RNAs: regulators of dis-
ease. J Pathol. 2010;220:126–39. doi:  10.1002/path.2638    .  

    15.    Ma L, Bajic VB, Zhang Z. On the classifi cation of long non-coding RNAs. RNA Biol. 
2013;10:925–33. doi:  10.4161/rna.24604    .  

    16.    St Laurent G, Wahlestedt C, Kapranov P. The landscape of long non-coding RNA classifi ca-
tion. Trends Genet. 2015;31:239–51. doi:  10.1016/j.tig.2015.03.007    .  

    17.    Gardner PP, Bateman A, Poole AM. SnoPatrol: how many snoRNA genes are there. J Biol. 
2010;9:4. doi:  10.1186/jbiol1211    .  

    18.    Terns MP, Terns RM. Small nucleolar RNAs: versatile trans-acting molecules of ancient evo-
lutionary origin. Gene Expr. 2002;10:17–39.  

    19.    Mourtada-Maarabouni M, Pickard MR, Hedge VL, Farzaneh F, Williams GT. GAS5, a non- 
protein- coding RNA, controls apoptosis and is down-regulated in breast cancer. Oncogene. 
2009;28:195–208. doi:  10.1038/onc.2008.373    .  

15 Noncoding RNAs in Cancer Diagnosis

http://dx.doi.org/10.1002/ijc.10791
http://dx.doi.org/10.1093/hmg/ddm336
http://dx.doi.org/10.1093/hmg/ddq362
http://dx.doi.org/10.1007/s12192-013-0456-5
http://dx.doi.org/10.3390/ijms140816010
http://dx.doi.org/10.1371/journal.pone.0030733
http://dx.doi.org/10.1242/dev.094037
http://dx.doi.org/10.1146/annurev-biochem-051410-092902
http://dx.doi.org/10.1002/humu.21616
http://dx.doi.org/10.1038/bjc.2013.233
http://dx.doi.org/10.1126/science.1251456
http://dx.doi.org/10.1038/modpathol.2012.160
http://dx.doi.org/10.1038/nrg2521
http://dx.doi.org/10.1002/path.2638
http://dx.doi.org/10.4161/rna.24604
http://dx.doi.org/10.1016/j.tig.2015.03.007
http://dx.doi.org/10.1186/jbiol1211
http://dx.doi.org/10.1038/onc.2008.373


418

    20.    Dong XY, et al. SnoRNA U50 is a candidate tumor-suppressor gene at 6q14.3 with a mutation 
associated with clinically signifi cant prostate cancer. Hum Mol Genet. 2008;17:1031–42. 
doi:  10.1093/hmg/ddm375    .  

    21.    Sasaki T, Shiohama A, Minoshima S, Shimizu N. Identifi cation of eight members of the 
Argonaute family in the human genome. Genomics. 2003;82:323–30.  

    22.    Aravin A, et al. A novel class of small RNAs bind to MILI protein in mouse testes. Nature. 
2006;442:203–7. doi:  10.1038/nature04916    .  

    23.    Kwon C, et al. Detection of PIWI and piRNAs in the mitochondria of mammalian cancer 
cells. Biochem Biophys Res Commun. 2014;446:218–23. doi:  10.1016/j.bbrc.2014.02.112    .  

    24.    Moyano M, Stefani G. piRNA involvement in genome stability and human cancer. J Hematol 
Oncol. 2015;8:38. doi:  10.1186/s13045-015-0133-5    .  

    25.    Rosalind C, Lee RLF, Ambrost V. The C. elegans heterochronic gene lin-4 encodes small 
RNAs with antisense complementarity to & II-14. Cell. 1993;75:843–54. 
doi:  10.1016/0092-8674(93)90529-Y    .  

    26.    Calin GA, et al. 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. 2002;99:15524–
9. doi:  10.1073/pnas.242606799    .  

    27.    Michael MZ, O’ Connor SM, van Holst Pellekaan NG, Young GP, James RJ. Reduced accu-
mulation of specifi c microRNAs in colorectal neoplasia. Mol Cancer Res. 2003;1:882–91.  

    28.    Meng F, et al. Involvement of human micro-RNA in growth and response to chemotherapy in 
human cholangiocarcinoma cell lines. Gastroenterology. 2006;130:2113–29. doi:  10.1053/j.
gastro.2006.02.057    .  

    29.    Johnson SM, et al. RAS is regulated by the let-7 microRNA family. Cell. 2005;120:635–47. 
doi:  10.1016/j.cell.2005.01.014    .  

    30.    Blenkiron C, Miska EA. miRNAs in cancer: approaches, aetiology, diagnostics and therapy. 
Hum Mol Genet. 2007;16(Spec No 1):R106–13. doi:  10.1093/hmg/ddm056    .  

    31.    Marques AC, Ponting CP. Intergenic lncRNAs and the evolution of gene expression. Curr 
Opin Genet Dev. 2014;27:48–53. doi:  10.1016/j.gde.2014.03.009    .  

    32.    White NM, Canbanski CR, Silva-Fisher JM, Dang HX, Ramaswamy G, Maher 
CA. Transcriptome sequencing reveals altered long intergenic non-coding RNAs in lung can-
cer. Genome Biol. 2014;15(8):429.  

    33.    Hangauer MJ, Vaughn IW, McManus MT. Pervasive transcription of the human genome pro-
duces thousands of previously unidentifi ed long intergenic non-coding RNAs. PLoS Genet. 
2013;9, e1003569. doi:  10.1371/journal.pgen.1003569    .  

    34.    Hung T, et al. Extensive and coordinated transcription of non-coding RNAs within cell-cycle 
promoters. Nat Genet. 2011;43:621–9. doi:  10.1038/ng.848    .  

    35.    Iacobucci I, et al. A polymorphism in the chromosome 9p21 ANRIL locus is associated to 
Philadelphia positive acute lymphoblastic leukemia. Leuk Res. 2011;35:1052–9. 
doi:  10.1016/j.leukres.2011.02.020    .  

    36.    Chu C, Qu K, Zhong FL, Artandi SE, Chang HY. Genomic maps of long non-coding RNA 
occupancy reveal principles of RNA-chromatin interactions. Mol Cell. 2011;44:667–78. 
doi:  10.1016/j.molcel.2011.08.027    .  

    37.    Beckedorff FC, et al. The intronic long non-coding RNA ANRASSF1 recruits PRC2 to the 
RASSF1A promoter, reducing the expression of RASSF1A and increasing cell proliferation. 
PLoS Genet. 2013;9, e1003705. doi:  10.1371/journal.pgen.1003705    .  

    38.    Bertozzi D, et al. Characterization of novel antisense HIF-1α transcripts in human cancers. 
Cell Cycle. 2014;10:3189–97. doi:  10.4161/cc.10.18.17183    .  

    39.    Leygue E. Steroid receptor RNA activator (SRA1): unusual bifaceted gene products with 
suspected relevance to breast cancer. Nucl Recept Signal. 2007;5, e006. doi:  10.1621/
nrs.05006    .  

    40.    Georges St Laurent DS, Tackett MR, Yang Z, Eremina T, Wahlestedt C, Urcuqui-Inchima S, 
Seilheimer B, McCaffrey TA, Kapranov P. Intronic RNAs constitute the major fraction of the 
non-coding RNA in mammalian cells. BMC Genomics. 2012;13:504.  

M.-S. Zeng

http://dx.doi.org/10.1093/hmg/ddm375
http://dx.doi.org/10.1038/nature04916
http://dx.doi.org/10.1016/j.bbrc.2014.02.112
http://dx.doi.org/10.1186/s13045-015-0133-5
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1073/pnas.242606799
http://dx.doi.org/10.1053/j.gastro.2006.02.057
http://dx.doi.org/10.1053/j.gastro.2006.02.057
http://dx.doi.org/10.1016/j.cell.2005.01.014
http://dx.doi.org/10.1093/hmg/ddm056
http://dx.doi.org/10.1016/j.gde.2014.03.009
http://dx.doi.org/10.1371/journal.pgen.1003569
http://dx.doi.org/10.1038/ng.848
http://dx.doi.org/10.1016/j.leukres.2011.02.020
http://dx.doi.org/10.1016/j.molcel.2011.08.027
http://dx.doi.org/10.1371/journal.pgen.1003705
http://dx.doi.org/10.4161/cc.10.18.17183
http://dx.doi.org/10.1621/nrs.05006
http://dx.doi.org/10.1621/nrs.05006


419

     41.    Memczak S, et al. Circular RNAs are a large class of animal RNAs with regulatory potency. 
Nature. 2013;495:333–8. doi:  10.1038/nature11928    .  

    42.    Barnhill LM, et al. High expression of CAI2, a 9p21-embedded long non-coding RNA, con-
tributes to advanced-stage neuroblastoma. Cancer Res. 2014;74:3753–63. doi:  10.1158/0008-
5472.CAN-13-3447    .  

    43.    Li Y, et al. Circular RNA is enriched and stable in exosomes: a promising biomarker for can-
cer diagnosis. Cell Res. 2015;25:981–4. doi:  10.1038/cr.2015.82    .  

    44.    Li L, et al. The diagnostic effi cacy and biological effects of microRNA-29b for colon cancer. 
Technol Cancer Res Treat. 2015. doi:  10.1177/1533034615604797    .  

    45.    Valeri N, et al. MicroRNA-135b promotes cancer progression by acting as a downstream 
effector of oncogenic pathways in colon cancer. Cancer Cell. 2014;25:469–83. doi:  10.1016/j.
ccr.2014.03.006    .  

      46.    Kunsbaeva GB, Gilyazova IR, Pavlov VN, Khusnutdinova EK. The role of miRNAs in the 
development of prostate cancer. Russ J Genet. 2015;51:627–41. doi:  10.1134/
s102279541507008x    .  

    47.    Volinia S, et al. A microRNA expression signature of human solid tumors defi nes cancer gene 
targets. Proc Natl Acad Sci U S A. 2006;103:2257–61. doi:  10.1073/pnas.0510565103    .  

    48.    Ambs S, et al. Genomic profi ling of microRNA and mRNA reveals deregulated microRNA 
expression in prostate cancer. Cancer Res. 2008;68:6162–70. doi:  10.1158/0008-5472.
CAN-08-0144    .  

    49.    Martens-Uzunova ES, et al. Diagnostic and prognostic signatures from the small non-coding 
RNA transcriptome in prostate cancer. Oncogene. 2012;31:978–91. doi:  http://www.nature.
com/onc/journal/v31/n8/suppinfo/onc2011304s1.html    .  

    50.    Larne O, et al. miQ—A novel microRNA based diagnostic and prognostic tool for prostate 
cancer. Int J Cancer. 2013;132:2867–75. doi:  10.1002/ijc.27973    .  

    51.    Moltzahn F, et al. Microfl uidic based multiplex qRT-PCR identifi es diagnostic and prognostic 
microRNA signatures in sera of prostate cancer patients. Cancer Res. 2011;71:550–60. 
doi:  10.1158/0008-5472.CAN-10-1229    .  

    52.    Bryant RJ, et al. Changes in circulating microRNA levels associated with prostate cancer. Br 
J Cancer. 2012;106:768–74. doi:  10.1038/bjc.2011.595    .  

    53.    Srivastava A, et al. MicroRNA profi ling in prostate cancer – the diagnostic potential of uri-
nary miR-205 and miR-214. PLoS ONE. 2013;8, e76994. doi:  10.1371/journal.pone.0076994    .  

    54.    Haj-Ahmad TA, Abdalla MAK, Haj-Ahmad Y. Potential urinary miRNA biomarker candi-
dates for the accurate detection of prostate cancer among benign prostatic hyperplasia 
patients. J Cancer. 2014;5:182–91. doi:  10.7150/jca.6799    .  

    55.    Schaefer A, et al. Diagnostic and prognostic implications of microRNA profi ling in prostate 
carcinoma. Int J Cancer. 2010;126:1166–76. doi:  10.1002/ijc.24827    .  

    56.    Samantarrai D, Dash S, Chhetri B, Mallick B. Genomic and epigenomic cross-talks in the 
regulatory landscape of miRNAs in breast cancer. Mol Cancer Res. 2013;11:315–28. 
doi:  10.1158/1541-7786.mcr-12-0649    .  

    57.    Rasheed SAK, et al. MicroRNA-31 controls G protein alpha-13 (GNA13) expression and cell 
invasion in breast cancer cells. Mol Cancer. 2015;14:67. doi:  10.1186/s12943-015-0337-x    .  

    58.    Zheng H-B, Zheng X-G, Liu B-P. miRNA-101 inhibits ovarian cancer cells proliferation and 
invasion by down-regulating expression of SOCS-2. Int J Clin Exp Med. 2015;8:20263–70.  

     59.    Wilczynski M, Danielska J, Dzieniecka M, Malinowski A. The role of miRNA in endometrial 
cancer in the context of miRNA 205. Ginekol Pol. 2015;86:856–61.  

    60.    Chen S, Sun K-X, Liu B-L, Zong Z-H, Zhao Y. MicroRNA-505 functions as a tumor suppres-
sor in endometrial cancer by targeting TGF-α. Mol Cancer. 2016;15:11. doi:  10.1186/
s12943-016-0496-4    .  

    61.    Lukiw WJ, Cui JG, Li YY, Culicchia F. Up-regulation of micro-RNA-221 (miRNA-221; chr 
Xp11.3) and caspase-3 accompanies down-regulation of the survivin-1 homolog BIRC1 
(NAIP) in glioblastoma multiforme (GBM). J Neuro-Oncol. 2009;91:27–32. doi:  10.1007/
s11060-008-9688-0    .  

15 Noncoding RNAs in Cancer Diagnosis

http://dx.doi.org/10.1038/nature11928
http://dx.doi.org/10.1158/0008-5472.CAN-13-3447
http://dx.doi.org/10.1158/0008-5472.CAN-13-3447
http://dx.doi.org/10.1038/cr.2015.82
http://dx.doi.org/10.1177/1533034615604797
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1016/j.ccr.2014.03.006
http://dx.doi.org/10.1134/s102279541507008x
http://dx.doi.org/10.1134/s102279541507008x
http://dx.doi.org/10.1073/pnas.0510565103
http://dx.doi.org/10.1158/0008-5472.CAN-08-0144
http://dx.doi.org/10.1158/0008-5472.CAN-08-0144
http://www.nature.com/onc/journal/v31/n8/suppinfo/onc2011304s1.html
http://www.nature.com/onc/journal/v31/n8/suppinfo/onc2011304s1.html
http://dx.doi.org/10.1002/ijc.27973
http://dx.doi.org/10.1158/0008-5472.CAN-10-1229
http://dx.doi.org/10.1038/bjc.2011.595
http://dx.doi.org/10.1371/journal.pone.0076994
http://dx.doi.org/10.7150/jca.6799
http://dx.doi.org/10.1002/ijc.24827
http://dx.doi.org/10.1158/1541-7786.mcr-12-0649
http://dx.doi.org/10.1186/s12943-015-0337-x
http://dx.doi.org/10.1186/s12943-016-0496-4
http://dx.doi.org/10.1186/s12943-016-0496-4
http://dx.doi.org/10.1007/s11060-008-9688-0
http://dx.doi.org/10.1007/s11060-008-9688-0


420

    62.    Li W, et al. miR-124 Acts as a tumor suppressor in glioblastoma via the inhibition of signal 
transducer and activator of transcription 3. Mol Neurobiol. 2016. doi:  10.1007/
s12035-016-9852-z    .  

    63.   Ji WG et al. miRNA-155 modulates the malignant biological characteristics of NK/T-cell 
lymphoma cells by targeting FOXO3a gene. J Huazhong Uni Sci Technol. Medical sci-
ences = Hua zhong ke ji da xue xue bao. Yi xue Ying De wen ban = Huazhong keji daxue 
xuebao. Yixue Yingdewen ban, 2014;34:882–88. doi:  10.1007/s11596-014-1368-z    .  

    64.    Roisman A, et al. SOXC And MiR17-92 gene expression profi ling defi nes two subgroups 
with different clinical outcome in mantle cell lymphoma. Genes Chromosomes Cancer. 2016. 
doi:  10.1002/gcc.22355    .  

    65.    Li C, Xu N, Li Y-Q, Wang Y, Zhu Z-T. Inhibition of SW620 human colon cancer cells by up-
regulating miRNA-145. World J Gastroenterol. 2016;22:2771–8. doi:  10.3748/wjg.v22.
i9.2771    .  

    66.    Yiu AJ, Yiu CY. Biomarkers in colorectal cancer. Anticancer Res. 2016;36:1093–102.  
    67.    Lima CR, Geraldo MV, Fuziwara CS, Kimura ET, Santos MF. MiRNA-146b-5p up-regulates 

migration and invasion of different Papillary Thyroid Carcinoma cells. BMC Cancer. 
2016;16:108. doi:  10.1186/s12885-016-2146-z    .  

    68.    Mutalib NS, et al. MicroRNAs and lymph node metastasis in papillary thyroid cancers. Asian 
Pac J Cancer Prev. 2016;17:25–35.  

      69.    Volinia S, et al. A microRNA expression signature of human solid tumors defi nes cancer gene 
targets. Proc Natl Acad Sci U S A. 2006;103:2257–61. doi:  10.1073/pnas.0510565103    .  

       70.    Lowery AJ, Miller N, McNeill RE, Kerin MJ. MicroRNAs as prognostic indicators and thera-
peutic targets: potential effect on breast cancer management. Clin Cancer Res. 2008;14:360–
5. doi:  10.1158/1078-0432.ccr-07-0992    .  

       71.    Lu J, et al. MicroRNA expression profi les classify human cancers. Nature. 2005;435:834–8. 
doi:  10.1038/nature03702    .  

    72.    Cannistraci A, Di Pace AL, De Maria R, Bonci D. MicroRNA as new tools for prostate cancer 
risk assessment and therapeutic intervention: results from clinical data set and patients’ sam-
ples. BioMed Res Int. 2014;2014:146170. doi:  10.1155/2014/146170    .  

    73.    Tsuchiya N, et al. Biomarkers for the early diagnosis of hepatocellular carcinoma. World 
J Gastroenterol. 2015;21:10573–83. doi:  10.3748/wjg.v21.i37.10573    .  

    74.    Zhou J, et al. Plasma microRNA panel to diagnose hepatitis B virus-related hepatocellular 
carcinoma. J Clin Oncol. 2011;29:4781–8. doi:  10.1200/JCO.2011.38.2697    .  

    75.    Forner A. Hepatocellular carcinoma surveillance with miRNAs. Lancet Oncol. 2015;16:743–
5. doi:  10.1016/s1470-2045(15)00014-5    .  

     76.    Berindan-Neagoe I, Monroig Pdel C, Pasculli B, Calin GA. MicroRNAome genome: a trea-
sure for cancer diagnosis and therapy. CA Cancer J Clin. 2014;64:311–36. doi:  10.3322/
caac.21244    .  

    77.    Wang J, et al. Elevated expression of miR-210 predicts poor survival of cancer patients: a 
systematic review and meta-analysis. PLoS ONE. 2014;9, e89223. doi:  10.1371/journal.
pone.0089223    .  

     78.    Wang B, Zhang Q. The expression and clinical signifi cance of circulating microRNA-21 in 
serum of fi ve solid tumors. J Cancer Res Clin Oncol. 2012;138:1659–66. doi:  10.1007/
s00432-012-1244-9    .  

    79.    Eichelser C, Flesch-Janys D, Chang-Claude J, Pantel K, Schwarzenbach H. Deregulated 
serum concentrations of circulating cell-free microRNAs miR-17, miR-34a, miR-155, and 
miR-373 in human breast cancer development and progression. Clin Chem. 2013;59:1489–
96. doi:  10.1373/clinchem.2013.205161    .  

    80.    Cheng H, et al. Circulating plasma miR-141 is a novel biomarker for metastatic colon cancer 
and predicts poor prognosis. PLoS ONE. 2011;6, e17745. doi:  10.1371/journal.pone.0017745    .  

     81.    Huang Z, et al. Plasma microRNAs are promising novel biomarkers for early detection of 
colorectal cancer. Int J Cancer. 2010;127:118–26. doi:  10.1002/ijc.25007    .  

M.-S. Zeng

http://dx.doi.org/10.1007/s12035-016-9852-z
http://dx.doi.org/10.1007/s12035-016-9852-z
http://dx.doi.org/10.1007/s11596-014-1368-z
http://dx.doi.org/10.1002/gcc.22355
http://dx.doi.org/10.3748/wjg.v22.i9.2771
http://dx.doi.org/10.3748/wjg.v22.i9.2771
http://dx.doi.org/10.1186/s12885-016-2146-z
http://dx.doi.org/10.1073/pnas.0510565103
http://dx.doi.org/10.1158/1078-0432.ccr-07-0992
http://dx.doi.org/10.1038/nature03702
http://dx.doi.org/10.1155/2014/146170
http://dx.doi.org/10.3748/wjg.v21.i37.10573
http://dx.doi.org/10.1200/JCO.2011.38.2697
http://dx.doi.org/10.1016/s1470-2045(15)00014-5
http://dx.doi.org/10.3322/caac.21244
http://dx.doi.org/10.3322/caac.21244
http://dx.doi.org/10.1371/journal.pone.0089223
http://dx.doi.org/10.1371/journal.pone.0089223
http://dx.doi.org/10.1007/s00432-012-1244-9
http://dx.doi.org/10.1007/s00432-012-1244-9
http://dx.doi.org/10.1373/clinchem.2013.205161
http://dx.doi.org/10.1371/journal.pone.0017745
http://dx.doi.org/10.1002/ijc.25007


421

     82.    Pu XX, et al. Circulating miR-221 directly amplifi ed from plasma is a potential diagnostic 
and prognostic marker of colorectal cancer and is correlated with p53 expression. 
J Gastroenterol Hepatol. 2010;25:1674–80. doi:  10.1111/j.1440-1746.2010.06417.x    .  

    83.    Toiyama Y, et al. Serum miR-200c is a novel prognostic and metastasis-predictive biomarker 
in patients with colorectal cancer. Ann Surg. 2014;259:735–43. doi:  10.1097/
SLA.0b013e3182a6909d    .  

    84.    Wang J, Du Y, Liu X, Cho WC, Yang Y. MicroRNAs as regulator of signaling networks in 
metastatic colon cancer. BioMed Res Int. 2015;2015:823620. doi:  10.1155/2015/823620    .  

    85.    Zhu C, et al. A fi ve-microRNA panel in plasma was identifi ed as potential biomarker for early 
detection of gastric cancer. Br J Cancer. 2014;110:2291–9. doi:  10.1038/bjc.2014.119    .  

    86.    Huang Y-K, Yu J-C. Circulating microRNAs and long non-coding RNAs in gastric cancer 
diagnosis: an update and review. World J Gastroenterol. 2015;21:9863–86. doi:  10.3748/wjg.
v21.i34.9863    .  

    87.    Zhang Y-C, Xu Z, Zhang T-F, Wang Y-L. Circulating microRNAs as diagnostic and prognos-
tic tools for hepatocellular carcinoma. World J Gastroenterol. 2015;21:9853–62. doi:  10.3748/
wjg.v21.i34.9853    .  

    88.    Meng W, et al. MicroRNA-31 predicts the presence of lymph node metastases and survival in 
lung adenocarcinoma patients. Clin Cancer Res. 2013;19:5423–33. doi:  10.1158/1078-0432.
CCR-1113-0320    .  

    89.    Guz M, et al. MicroRNAs-role in lung cancer. Dis Markers. 2014;2014:218169. 
doi:  10.1155/2014/218169    .  

    90.    Rodriguez M, et al. Different exosome cargo from plasma/bronchoalveolar lavage in non- 
small- cell lung cancer. Genes Chromosomes Cancer. 2014;53:713–24. doi:  10.1002/
gcc.22181    .  

    91.    Yang C, et al. Identifi cation of seven serum microRNAs from a genome-wide serum 
microRNA expression profi le as potential noninvasive biomarkers for malignant astrocyto-
mas. Int J Cancer. 2013;132:116–27. doi:  10.1002/ijc.27657    .  

    92.    Westermann AM, et al. Serum microRNAs as biomarkers in patients undergoing prostate 
biopsy: results from a prospective multi-center study. Anticancer Res. 2014;34:665–9.  

    93.    Zheng H, et al. Plasma miRNAs as diagnostic and prognostic biomarkers for ovarian cancer. 
PLoS ONE. 2013;8, e77853. doi:  10.1371/journal.pone.0077853    .  

    94.    Mercer TR, Dinger ME, Sunkin SM, Mehler MF, Mattick JS. Specifi c expression of long 
non-coding RNAs in the mouse brain. Proc Natl Acad Sci U S A. 2008;105:716–21. 
doi:  10.1073/pnas.0706729105    .  

   95.    Maass PG, Luft FC, Bahring S. Long non-coding RNA in health and disease. J Mol Med. 
2014;92:337–46. doi:  10.1007/s00109-014-1131-8    .  

    96.    Yarmishyn AA, Kurochkin IV. Long non-coding RNAs: a potential novel class of cancer 
biomarkers. Front Genet. 2015;6:145. doi:  10.3389/fgene.2015.00145    .  

    97.    Bussemakers MJ, et al. DD3: a new prostate-specifi c gene, highly overexpressed in prostate 
cancer. Cancer Res. 1999;59:5975–9.  

    98.    Petrovics G, et al. Elevated expression of PCGEM1, a prostate-specifi c gene with cell growth- 
promoting function, is associated with high-risk prostate cancer patients. Oncogene. 
2004;23:605–11. doi:  10.1038/sj.onc.1207069    .  

    99.    Chung S, et al. Association of a novel long non-coding RNA in 8q24 with prostate cancer 
susceptibility. Cancer Sci. 2011;102:245–52. doi:  10.1111/j.1349-7006.2010.01737.x    .  

    100.    Ylipaa A, et al. Transcriptome sequencing reveals PCAT5 as a novel ERG-regulated long 
non-coding RNA in prostate cancer. Cancer Res. 2015;75:4026–31. doi:  10.1158/0008-5472.
CAN-15-0217    .  

    101.    Crea F, et al. Identifi cation of a long non-coding RNA as a novel biomarker and potential 
therapeutic target for metastatic prostate cancer. Oncotarget. 2014;5:764–74. doi:  10.18632/
oncotarget.1769    .  

    102.    Wei G, et al. Transcriptome profi ling of esophageal squamous cell carcinoma reveals a long 
non-coding RNA acting as a tumor suppressor. Oncotarget. 2015;6:17065–80. doi:  10.18632/
oncotarget.4185    .  

15 Noncoding RNAs in Cancer Diagnosis

http://dx.doi.org/10.1111/j.1440-1746.2010.06417.x
http://dx.doi.org/10.1097/SLA.0b013e3182a6909d
http://dx.doi.org/10.1097/SLA.0b013e3182a6909d
http://dx.doi.org/10.1155/2015/823620
http://dx.doi.org/10.1038/bjc.2014.119
http://dx.doi.org/10.3748/wjg.v21.i34.9863
http://dx.doi.org/10.3748/wjg.v21.i34.9863
http://dx.doi.org/10.3748/wjg.v21.i34.9853
http://dx.doi.org/10.3748/wjg.v21.i34.9853
http://dx.doi.org/10.1158/1078-0432.CCR-1113-0320
http://dx.doi.org/10.1158/1078-0432.CCR-1113-0320
http://dx.doi.org/10.1155/2014/218169
http://dx.doi.org/10.1002/gcc.22181
http://dx.doi.org/10.1002/gcc.22181
http://dx.doi.org/10.1002/ijc.27657
http://dx.doi.org/10.1371/journal.pone.0077853
http://dx.doi.org/10.1073/pnas.0706729105
http://dx.doi.org/10.1007/s00109-014-1131-8
http://dx.doi.org/10.3389/fgene.2015.00145
http://dx.doi.org/10.1038/sj.onc.1207069
http://dx.doi.org/10.1111/j.1349-7006.2010.01737.x
http://dx.doi.org/10.1158/0008-5472.CAN-15-0217
http://dx.doi.org/10.1158/0008-5472.CAN-15-0217
http://dx.doi.org/10.18632/oncotarget.1769
http://dx.doi.org/10.18632/oncotarget.1769
http://dx.doi.org/10.18632/oncotarget.4185
http://dx.doi.org/10.18632/oncotarget.4185


422

    103.    Li X, et al. Long non-coding RNA HOTAIR, a driver of malignancy, predicts negative prog-
nosis and exhibits oncogenic activity in oesophageal squamous cell carcinoma. Br J Cancer. 
2013;109:2266–78. doi:  10.1038/bjc.2013.548    .  

    104.    Li W, et al. Increased levels of the long intergenic non-protein coding RNA POU3F3 promote 
DNA methylation in esophageal squamous cell carcinoma cells. Gastroenterology. 
2014;146(1714–1726), e1715. doi:  10.1053/j.gastro.2014.03.002    .  

    105.    Zhang X, et al. Elevated expression of CCAT2 is associated with poor prognosis in esopha-
geal squamous cell carcinoma. J Surg Oncol. 2015;111:834–9. doi:  10.1002/jso.23888    .  

    106.    Nie Y, et al. Long non-coding RNA HOTAIR is an independent prognostic marker for naso-
pharyngeal carcinoma progression and survival. Cancer Sci. 2013;104:458–64. doi:  10.1111/
cas.12092    .  

    107.    Chen Z, et al. MiRNA expression profi le reveals a prognostic signature for esophageal squa-
mous cell carcinoma. Cancer Lett. 2014;350:34–42. doi:  10.1016/j.canlet.2014.04.013    .  

    108.    Yang F, et al. Long non-coding RNA CCAT1, which could be activated by c-Myc, promotes 
the progression of gastric carcinoma. J Cancer Res Clin Oncol. 2013;139:437–45. 
doi:  10.1007/s00432-012-1324-x    .  

    109.    Mei D, et al. Up-regulation of SUMO1 pseudogene 3 (SUMO1P3) in gastric cancer and its 
clinical association. Med Oncol. 2013;30:709. doi:  10.1007/s12032-013-0709-2    .  

    110.    Sana J, Faltejskova P, Svoboda M, Slaby O. Novel classes of non-coding RNAs and cancer. 
J Transl Med. 2012;10:103. doi:  10.1186/1479-5876-10-103    .  

    111.    Kogo R, et al. Long non-coding RNA HOTAIR regulates polycomb-dependent chromatin 
modifi cation and is associated with poor prognosis in colorectal cancers. Cancer Res. 
2011;71:6320–6. doi:  10.1158/0008-5472.can-11-1021    .  

    112.    Panzitt K, et al. Characterization of HULC, a novel gene with striking up-regulation in hepa-
tocellular carcinoma, as non-coding RNA. Gastroenterology. 2007;132:330–42. doi:  10.1053/j.
gastro.2006.08.026    .  

    113.    Gutschner T, et al. The non-coding RNA MALAT1 is a critical regulator of the metastasis 
phenotype of lung cancer cells. Cancer Res. 2013;73:1180–9. doi:  10.1158/0008-5472.
can-12-2850    .  

    114.    Zhang XQ, Leung GK. Long non-coding RNAs in glioma: functional roles and clinical per-
spectives. Neurochem Int. 2014;77:78–85. doi:  10.1016/j.neuint.2014.05.008    .  

    115.    Chisholm KM, et al. Detection of long non-coding RNA in archival tissue: correlation with 
polycomb protein expression in primary and metastatic breast carcinoma. PLoS ONE. 
2012;7, e47998. doi:  10.1371/journal.pone.0047998    .  

    116.    Huang J, et al. Long non-coding RNA UCA1 promotes breast tumor growth by suppression 
of p27 (Kip1). Cell Death Dis. 2014;5, e1008. doi:  10.1038/cddis.2013.541    .  

    117.    Qiu JJ, et al. Overexpression of long non-coding RNA HOTAIR predicts poor patient prog-
nosis and promotes tumor metastasis in epithelial ovarian cancer. Gynecol Oncol. 
2014;134:121–8. doi:  10.1016/j.ygyno.2014.03.556    .  

    118.    Zhang Q, Su M, Lu G, Wang J. The complexity of bladder cancer: long non-coding RNAs are 
on the stage. Mol Cancer. 2013;12:101. doi:  10.1186/1476-4598-12-101    .  

   119.    Wang L, et al. Genome-wide screening and identifi cation of long non-coding RNAs and their 
interaction with protein coding RNAs in bladder urothelial cell carcinoma. Cancer Lett. 
2014;349:77–86. doi:  10.1016/j.canlet.2014.03.033    .  

    120.    Cao Q, Wang N, Qi J, Gu Z, Shen H. Long non-coding RNAGAS5 acts as a tumor suppressor 
in bladder transitional cell carcinoma via regulation of chemokine (CC motif) ligand 1 
expression. Mol Med Rep. 2016;13:27–34. doi:  10.3892/mmr.2015.4503    .  

    121.    Ploussard G, et al. Prostate cancer antigen 3 score accurately predicts tumour volume and 
might help in selecting prostate cancer patients for active surveillance. Eur Urol. 2011;59:422–
9. doi:  10.1016/j.eururo.2010.11.044    .  

   122.    Walsh AL, Tuzova AV, Bolton EM, Lynch TH, Perry AS. Long non-coding RNAs and pros-
tate carcinogenesis: the missing ‘linc’? Trends Mol Med. 2014;20:428–36. doi:  10.1016/j.
molmed.2014.03.005    .  

M.-S. Zeng

http://dx.doi.org/10.1038/bjc.2013.548
http://dx.doi.org/10.1053/j.gastro.2014.03.002
http://dx.doi.org/10.1002/jso.23888
http://dx.doi.org/10.1111/cas.12092
http://dx.doi.org/10.1111/cas.12092
http://dx.doi.org/10.1016/j.canlet.2014.04.013
http://dx.doi.org/10.1007/s00432-012-1324-x
http://dx.doi.org/10.1007/s12032-013-0709-2
http://dx.doi.org/10.1186/1479-5876-10-103
http://dx.doi.org/10.1158/0008-5472.can-11-1021
http://dx.doi.org/10.1053/j.gastro.2006.08.026
http://dx.doi.org/10.1053/j.gastro.2006.08.026
http://dx.doi.org/10.1158/0008-5472.can-12-2850
http://dx.doi.org/10.1158/0008-5472.can-12-2850
http://dx.doi.org/10.1016/j.neuint.2014.05.008
http://dx.doi.org/10.1371/journal.pone.0047998
http://dx.doi.org/10.1038/cddis.2013.541
http://dx.doi.org/10.1016/j.ygyno.2014.03.556
http://dx.doi.org/10.1186/1476-4598-12-101
http://dx.doi.org/10.1016/j.canlet.2014.03.033
http://dx.doi.org/10.3892/mmr.2015.4503
http://dx.doi.org/10.1016/j.eururo.2010.11.044
http://dx.doi.org/10.1016/j.molmed.2014.03.005
http://dx.doi.org/10.1016/j.molmed.2014.03.005


423

    123.    Ifere GO, Ananaba GA. Prostate cancer gene expression marker 1 (PCGEM1): a patented 
prostate- specifi c non-coding gene and regulator of prostate cancer progression. Recent Pat 
DNA Gene Seq. 2009;3:151–63.  

    124.    Li W, et al. Suppressing H19 modulates tumorigenicity and stemness in U251 and U87MG 
glioma cells. Cell Mol Neurobiol. 2016. doi:  10.1007/s10571-015-0320-5    .  

    125.    Leucci E, et al. Melanoma addiction to the long non-coding RNA SAMMSON. Nature. 
2016;531:518–22. doi:  10.1038/nature17161    .  

    126.    Gibb EA, et al. Long non-coding RNAs are expressed in oral mucosa and altered in oral 
premalignant lesions. Oral Oncol. 2011;47:1055–61. doi:  10.1016/j.
oraloncology.2011.07.008    .  

    127.    Gao W, Chan JY, Wong TS. Differential expression of long non-coding RNA in primary and 
recurrent nasopharyngeal carcinoma. Biomed Res Int. 2014;2014:404567. 
doi:  10.1155/2014/404567    .  

    128.    Meseure D, Drak Alsibai K, Nicolas A, Bieche I, Morillon A. Long non-coding RNAs as new 
architects in cancer epigenetics, prognostic biomarkers, and potential therapeutic targets. 
Biomed Res Int. 2015;2015:320214. doi:  10.1155/2015/320214    .  

    129.    Kroh EM, Parkin RK, Mitchell PS, Tewari M. Analysis of circulating microRNA biomarkers 
in plasma and serum using quantitative reverse transcription-PCR (qRT-PCR). Methods. 
2010;50:298–301. doi:  10.1016/j.ymeth.2010.01.032    .  

    130.    Jemal A, et al. Cancer statistics, 2009. CA Cancer J Clin. 2009;59:225–49. doi:  10.3322/
caac.20006    .  

    131.    Chen X, et al. Characterization of microRNAs in serum: a novel class of biomarkers for 
diagnosis of cancer and other diseases. Cell Res. 2008;18:997–1006. doi:  10.1038/cr.2008.282    .  

    132.    Bianchi F, et al. A serum circulating miRNA diagnostic test to identify asymptomatic high- 
risk individuals with early stage lung cancer. EMBO Mol Med. 2011;3:495–503.  doi:  10.1002/
emmm.201100154    .  

    133.    Zheng D, et al. Plasma microRNAs as novel biomarkers for early detection of lung cancer. Int 
J Clin Exp Pathol. 2011;4:575–86.  

    134.    Le HB, et al. Evaluation of dynamic change of serum miR-21 and miR-24 in pre- and post- 
operative lung carcinoma patients. Med Oncol. 2012;29:3190–7. doi:  10.1007/
s12032-012-0303-z    .  

    135.    Shen J, et al. Plasma microRNAs as potential biomarkers for non-small-cell lung cancer. Lab 
Investig. 2011;91:579–87. doi:  10.1038/labinvest.2010.194    .  

    136.    Wei J, et al. Identifi cation of plasma microRNA-21 as a biomarker for early detection and 
chemosensitivity of non-small cell lung cancer. Chin J Cancer. 2011;30:407–14.  

    137.    Abd-El-Fattah AA, Sadik NA, Shaker OG, Aboulftouh ML. Differential microRNAs expres-
sion in serum of patients with lung cancer, pulmonary tuberculosis, and pneumonia. Cell 
Biochem Biophys. 2013;67:875–84. doi:  10.1007/s12013-013-9575-y    .  

    138.    Hennessey PT, et al. Serum microRNA biomarkers for detection of non-small cell lung can-
cer. PLoS ONE. 2012;7, e32307. doi:  10.1371/journal.pone.0032307    .  

     139.    Chen X, et al. Identifi cation of ten serum microRNAs from a genome-wide serum microRNA 
expression profi le as novel noninvasive biomarkers for nonsmall cell lung cancer diagnosis. 
Int J Cancer. 2012;130:1620–8. doi:  10.1002/ijc.26177    .  

    140.    Boeri M, et al. MicroRNA signatures in tissues and plasma predict development and progno-
sis of computed tomography detected lung cancer. Proc Natl Acad Sci U S A. 2011;108:3713–
8. doi:  10.1073/pnas.1100048108    .  

    141.    Polyak K. Heterogeneity in breast cancer. J Clin Invest. 2011;121:3786–8. doi:  10.1172/
JCI60534    .  

    142.    Zhu W, Qin W, Atasoy U, Sauter ER. Circulating microRNAs in breast cancer and healthy 
subjects. BMC Res Notes. 2009;2:89. doi:  10.1186/1756-0500-2-89    .  

     143.    Heneghan HM, et al. Circulating microRNAs as novel minimally invasive biomarkers for 
breast cancer. Ann Surg. 2010;251:499–505.  

15 Noncoding RNAs in Cancer Diagnosis

http://dx.doi.org/10.1007/s10571-015-0320-5
http://dx.doi.org/10.1038/nature17161
http://dx.doi.org/10.1016/j.oraloncology.2011.07.008
http://dx.doi.org/10.1016/j.oraloncology.2011.07.008
http://dx.doi.org/10.1155/2014/404567
http://dx.doi.org/10.1155/2015/320214
http://dx.doi.org/10.1016/j.ymeth.2010.01.032
http://dx.doi.org/10.3322/caac.20006
http://dx.doi.org/10.3322/caac.20006
http://dx.doi.org/10.1038/cr.2008.282
http://dx.doi.org/10.1002/emmm.201100154
http://dx.doi.org/10.1002/emmm.201100154
http://dx.doi.org/10.1007/s12032-012-0303-z
http://dx.doi.org/10.1007/s12032-012-0303-z
http://dx.doi.org/10.1038/labinvest.2010.194
http://dx.doi.org/10.1007/s12013-013-9575-y
http://dx.doi.org/10.1371/journal.pone.0032307
http://dx.doi.org/10.1002/ijc.26177
http://dx.doi.org/10.1073/pnas.1100048108
http://dx.doi.org/10.1172/JCI60534
http://dx.doi.org/10.1172/JCI60534
http://dx.doi.org/10.1186/1756-0500-2-89


424

    144.    Wu Q, et al. Next-generation sequencing of microRNAs for breast cancer detection. J Biomed 
Biotechnol. 2011;2011:597145. doi:  10.1155/2011/597145    .  

    145.    Asaga S, et al. Direct serum assay for microRNA-21 concentrations in early and advanced 
breast cancer. Clin Chem. 2011;57:84–91. doi:  10.1373/clinchem.2010.151845    .  

    146.    Hu Z, et al. Serum microRNA profi ling and breast cancer risk: the use of miR-484/191 as 
endogenous controls. Carcinogenesis. 2012;33:828–34. doi:  10.1093/carcin/bgs030    .  

    147.    Mar-Aguilar F, et al. Serum circulating microRNA profi ling for identifi cation of potential 
breast cancer biomarkers. Dis Markers. 2013;34:163–9. doi:  10.3233/DMA-120957    .  

     148.    McDermott AM, et al. Identifi cation and validation of oncologic miRNA biomarkers for 
luminal A-like breast cancer. PLoS ONE. 2014;9, e87032. doi:  10.1371/journal.pone.0087032    .  

    149.    Schwarzenbach H, Milde-Langosch K, Steinbach B, Muller V, Pantel K. Diagnostic potential 
of PTEN-targeting miR-214 in the blood of breast cancer patients. Breast Cancer Res Treat. 
2012;134:933–41. doi:  10.1007/s10549-012-1988-6    .  

    150.    Chen W, Cai F, Zhang B, Barekati Z, Zhong XY. The level of circulating miRNA-10b and 
miRNA-373 in detecting lymph node metastasis of breast cancer: potential biomarkers. 
Tumour Biol. 2013;34:455–62. doi:  10.1007/s13277-012-0570-5    .  

    151.    Zhao R, et al. Plasma miR-221 as a predictive biomarker for chemoresistance in breast cancer 
patients who previously received neoadjuvant chemotherapy. Onkologie. 2011;34:675–80.  

    152.    Rao X, et al. MicroRNA-221/222 confers breast cancer fulvestrant resistance by regulating 
multiple signaling pathways. Oncogene. 2011;30:1082–97. doi:  10.1038/onc.2010.487    .  

    153.    Wang H, et al. MiR-125b as a marker predicting chemoresistance in breast cancer. PLoS 
ONE. 2012;7, e34210. doi:  10.1371/journal.pone.0034210.g001    .  

    154.    Jung EJ, et al. Plasma microRNA 210 levels correlate with sensitivity to trastuzumab and 
tumor presence in breast cancer patients. Cancer. 2012;118:2603–14. doi:  10.1002/cncr.26565    .  

    155.    Enache LS, et al. Circulating RNA molecules as biomarkers in liver disease. Int J Mol Sci. 
2014;15:17644–66. doi:  10.3390/ijms151017644    .  

    156.    Li LM, et al. Serum microRNA profi les serve as novel biomarkers for HBV infection and 
diagnosis of HBV-positive hepatocarcinoma. Cancer Res. 2010;70:9798–807. 
doi:  10.1158/0008-5472.CAN-10-1001    .  

    157.    Xu J, et al. Circulating microRNAs, miR-21, miR-122, and miR-223, in patients with hepa-
tocellular carcinoma or chronic hepatitis. Mol Carcinog. 2011;50:136–42. doi:  10.1002/
mc.20712    .  

    158.    Li J, Wang Y, Yu W, Chen J, Luo J. Expression of serum miR-221 in human hepatocellular 
carcinoma and its prognostic signifi cance. Biochem Biophys Res Commun. 2011;406:70–3. 
doi:  10.1016/j.bbrc.2011.01.111    .  

    159.    Qu KZ, Zhang K, Li H, Afdhal NH, Albitar M. Circulating microRNAs as biomarkers for 
hepatocellular carcinoma. J Clin Gastroenterol. 2011;45:355–60.  

     160.    Liu AM, et al. Circulating miR-15b and miR-130b in serum as potential markers for detecting 
hepatocellular carcinoma: a retrospective cohort study. BMJ Open. 2012;2, e000825. 
doi:  10.1136/bmjopen-2012-000825    .  

    161.    Borel F, Konstantinova P, Jansen PL. Diagnostic and therapeutic potential of miRNA signa-
tures in patients with hepatocellular carcinoma. J Hepatol. 2012;56:1371–83. doi:  10.1016/j.
jhep.2011.11.026    .  

    162.    Cheng G. Circulating miRNAs: roles in cancer diagnosis, prognosis and therapy. Adv Drug 
Deliv Rev. 2015;81:75–93. doi:  10.1016/j.addr.2014.09.001    .  

    163.    Tsujiura M, et al. Circulating microRNAs in plasma of patients with gastric cancers. Br 
J Cancer. 2010;102:1174–9. doi:  10.1038/sj.bjc.6605608    .  

    164.    Wang M, et al. Circulating miR-17-5p and miR-20a: molecular markers for gastric cancer. 
Mol Med Rep. 2012;5:1514–20. doi:  10.3892/mmr.2012.828    .  

    165.    Zheng Y, et al. MicroRNA-21 is a new marker of circulating tumor cells in gastric cancer 
patients. Cancer Biomarkers. 2011;10:71–7. doi:  10.3233/CBM-2011-0231    .  

   166.    Kim SY, et al. Validation of circulating miRNA biomarkers for predicting lymph node metas-
tasis in gastric cancer. J Mol Diagn. 2013;15:661–9. doi:  10.1016/j.jmoldx.2013.04.004    .  

M.-S. Zeng

http://dx.doi.org/10.1155/2011/597145
http://dx.doi.org/10.1373/clinchem.2010.151845
http://dx.doi.org/10.1093/carcin/bgs030
http://dx.doi.org/10.3233/DMA-120957
http://dx.doi.org/10.1371/journal.pone.0087032
http://dx.doi.org/10.1007/s10549-012-1988-6
http://dx.doi.org/10.1007/s13277-012-0570-5
http://dx.doi.org/10.1038/onc.2010.487
http://dx.doi.org/10.1371/journal.pone.0034210.g001
http://dx.doi.org/10.1002/cncr.26565
http://dx.doi.org/10.3390/ijms151017644
http://dx.doi.org/10.1158/0008-5472.CAN-10-1001
http://dx.doi.org/10.1002/mc.20712
http://dx.doi.org/10.1002/mc.20712
http://dx.doi.org/10.1016/j.bbrc.2011.01.111
http://dx.doi.org/10.1136/bmjopen-2012-000825
http://dx.doi.org/10.1016/j.jhep.2011.11.026
http://dx.doi.org/10.1016/j.jhep.2011.11.026
http://dx.doi.org/10.1016/j.addr.2014.09.001
http://dx.doi.org/10.1038/sj.bjc.6605608
http://dx.doi.org/10.3892/mmr.2012.828
http://dx.doi.org/10.3233/CBM-2011-0231
http://dx.doi.org/10.1016/j.jmoldx.2013.04.004


425

    167.    Komatsu S, et al. Prognostic impact of circulating miR-21 in the plasma of patients with 
gastric carcinoma. Anticancer Res. 2013;33:271–6.  

    168.    Li BS, et al. Plasma microRNAs, miR-223, miR-21 and miR-218, as novel potential biomark-
ers for gastric cancer detection. PLoS ONE. 2012;7, e41629. doi:  10.1371/journal.
pone.0041629    .  

    169.    Huang YK, Yu JC. Circulating microRNAs and long non-coding RNAs in gastric cancer diag-
nosis: an update and review. World J Gastroenterol. 2015;21:9863–86. doi:  10.3748/wjg.v21.
i34.9863    .  

    170.    Ng EK, et al. Differential expression of microRNAs in plasma of patients with colorectal 
cancer: a potential marker for colorectal cancer screening. Gut. 2009;58:1375–81. 
doi:  10.1136/gut.2008.167817    .  

    171.    Wang LG, Gu J. Serum microRNA-29a is a promising novel marker for early detection of 
colorectal liver metastasis. Cancer Epidemiol. 2012;36:e61–7. doi:  10.1016/j.
canep.2011.05.002    .  

    172.    Wang J, et al. Identifi cation of a circulating microRNA signature for colorectal cancer detec-
tion. PLoS ONE. 2014;9, e87451. doi:  10.1371/journal.pone.0087451    .  

    173.    Kanaan Z, et al. Plasma miR-21: a potential diagnostic marker of colorectal cancer. Ann Surg. 
2012;256:544–51. doi:  10.1097/SLA.0b013e318265bd6f    .  

    174.    Toiyama Y, et al. Serum miR-200c is a novel prognostic and metastasis-predictive biomarker 
in patients with colorectal cancer. Ann Surg. 2014;259:735–43. doi:  10.1097/
SLA.0b013e3182a6909d    .  

    175.    Wang Q, et al. Plasma miR-601 and miR-760 are novel biomarkers for the early detection of 
colorectal cancer. PLoS ONE. 2012;7, e44398. doi:  10.1371/journal.pone.0044398    .  

    176.    Zhang J, et al. Circulating microRNA expressions in colorectal cancer as predictors of 
response to chemotherapy. Anticancer Drugs. 2014;25:346–52.  

    177.    Lawrie CH. MicroRNAs in hematological malignancies. Blood Rev. 2013;27:143–54. 
doi:  10.1016/j.blre.2013.04.002    .  

    178.    Lawrie CH, et al. Detection of elevated levels of tumour-associated microRNAs in serum of 
patients with diffuse large B-cell lymphoma. Br J Haematol. 2008;141:672–5. 
doi:  10.1111/j.1365-2141.2008.07077.x    .  

    179.    Chen W, et al. Clinical signifi cance and detection of microRNA-21 in serum of patients with 
diffuse large B-cell lymphoma in Chinese population. Eur J Haematol. 2014;92:407–12. 
doi:  10.1111/ejh.12263    .  

    180.    Fayyad-Kazan H, et al. Circulating miR-150 and miR-342 in plasma are novel potential bio-
markers for acute myeloid leukemia. J Transl Med. 2013;11:31.  

    181.    Moussay E, et al. MicroRNA as biomarkers and regulators in B-cell chronic lymphocytic 
leukemia. Proc Natl Acad Sci U S A. 2011;108:6573–8. doi:  10.1073/pnas.1019557108    .  

    182.    Han YC, et al. microRNA-29a induces aberrant self-renewal capacity in hematopoietic pro-
genitors, biased myeloid development, and acute myeloid leukemia. J Exp Med. 
2010;207:475–89. doi:  10.1084/jem.20090831    .  

   183.    Felli N, et al. MicroRNAs 221 and 222 inhibit normal erythropoiesis and erythroleukemic 
cell growth via kit receptor down-modulation. Proc Natl Acad Sci U S A. 2005;102:18081–6. 
doi:  10.1073/pnas.0506216102    .  

    184.    Pekarsky Y, et al. Tcl1 expression in chronic lymphocytic leukemia is regulated by miR-29 
and miR-181. Cancer Res. 2006;66:11590–3. doi:  10.1158/0008-5472.CAN-06-3613    .  

    185.    Chen RW, et al. Truncation in CCND1 mRNA alters miR-16-1 regulation in mantle cell lym-
phoma. Blood. 2008;112:822–9. doi:  10.1182/blood-2008-03-142182    .  

    186.    Xiao C, et al. Lymphoproliferative disease and autoimmunity in mice with increased miR-
17- 92 expression in lymphocytes. Nat Immunol. 2008;9:405–14. doi:  10.1038/ni1575    .  

    187.    Yamanaka Y, et al. Aberrant overexpression of microRNAs activate AKT signaling via down- 
regulation of tumor suppressors in natural killer-cell lymphoma/leukemia. Blood. 
2009;114:3265–75. doi:  10.1182/blood-2009-06-222794    .  

    188.    Wang J, Song YX, Wang ZN. Non-coding RNAs in gastric cancer. Gene. 2015;560:1–8. 
doi:  10.1016/j.gene.2015.02.004    .  

15 Noncoding RNAs in Cancer Diagnosis

http://dx.doi.org/10.1371/journal.pone.0041629
http://dx.doi.org/10.1371/journal.pone.0041629
http://dx.doi.org/10.3748/wjg.v21.i34.9863
http://dx.doi.org/10.3748/wjg.v21.i34.9863
http://dx.doi.org/10.1136/gut.2008.167817
http://dx.doi.org/10.1016/j.canep.2011.05.002
http://dx.doi.org/10.1016/j.canep.2011.05.002
http://dx.doi.org/10.1371/journal.pone.0087451
http://dx.doi.org/10.1097/SLA.0b013e318265bd6f
http://dx.doi.org/10.1097/SLA.0b013e3182a6909d
http://dx.doi.org/10.1097/SLA.0b013e3182a6909d
http://dx.doi.org/10.1371/journal.pone.0044398
http://dx.doi.org/10.1016/j.blre.2013.04.002
http://dx.doi.org/10.1111/j.1365-2141.2008.07077.x
http://dx.doi.org/10.1111/ejh.12263
http://dx.doi.org/10.1073/pnas.1019557108
http://dx.doi.org/10.1084/jem.20090831
http://dx.doi.org/10.1073/pnas.0506216102
http://dx.doi.org/10.1158/0008-5472.CAN-06-3613
http://dx.doi.org/10.1182/blood-2008-03-142182
http://dx.doi.org/10.1038/ni1575
http://dx.doi.org/10.1182/blood-2009-06-222794
http://dx.doi.org/10.1016/j.gene.2015.02.004


426

    189.    Cui L, et al. Detection of circulating tumor cells in peripheral blood from patients with gastric 
cancer using piRNAs as markers. Clin Biochem. 2011;44:1050–7. doi:  10.1016/j.
clinbiochem.2011.06.004    .  

    190.    Law PT, et al. Deep sequencing of small RNA transcriptome reveals novel non-coding RNAs 
in hepatocellular carcinoma. J Hepatol. 2013;58:1165–73. doi:  10.1016/j.jhep.2013.01.032    .  

    191.    Liao J, et al. Small nucleolar RNA signatures as biomarkers for non-small-cell lung cancer. 
Mol Cancer. 2010;9:198. doi:  10.1186/1476-4598-9-198    .  

    192.    Mei YP, et al. Small nucleolar RNA 42 acts as an oncogene in lung tumorigenesis. Oncogene. 
2012;31:2794–804. doi:  10.1038/onc.2011.449    .  

    193.    Gee HE, et al. The small-nucleolar RNAs commonly used for microRNA normalisation cor-
relate with tumour pathology and prognosis. Br J Cancer. 2011;104:1168–77. doi:  10.1038/
sj.bjc.6606076    .  

    194.    Appaiah HN, et al. Persistent up-regulation of U6:SNORD44 small RNA ratio in the serum 
of breast cancer patients. Breast Cancer Res. 2011;13:R86. doi:  10.1186/bcr2943    .  

    195.    Hansen TB, et al. Natural RNA circles function as effi cient microRNA sponges. Nature. 
2013;495:384–8. doi:  10.1038/nature11993    .  

    196.    Lukiw WJ. Circular RNA (circRNA) in Alzheimer’s disease (AD). Front Genet. 2013;4:307. 
doi:  10.3389/fgene.2013.00307    .  

    197.    Koh W, et al. Noninvasive in vivo monitoring of tissue-specifi c global gene expression in 
humans. Proc Natl Acad Sci. 2014;111:7361–6. doi:  10.1073/pnas.1405528111    .  

    198.    Memczak S, Papavasileiou P, Peters O, Rajewsky N. Identifi cation and characterization of 
circular RNAs as a new class of putative biomarkers in human blood. PLoS ONE. 2015;10, 
e0141214. doi:  10.1371/journal.pone.0141214    .  

    199.    Rybak-Wolf A, et al. Circular RNAs in the mammalian brain are highly abundant, conserved, 
and dynamically expressed. Mol Cell. 2015;58:870–85. doi:  10.1016/j.molcel.2015.03.027    .  

    200.    Li P, et al. Using circular RNA as a novel type of biomarker in the screening of gastric cancer. 
Clin Chim Acta. 2015;444:132–6. doi:  10.1016/j.cca.2015.02.018    .  

    201.    Qu S, et al. Microarray expression profi le of circular RNAs in human pancreatic ductal ade-
nocarcinoma. Genomics Data. 2015;5:385–7. doi:  10.1016/j.gdata.2015.07.017    .  

    202.    Conde-Vancells J, et al. Characterization and comprehensive proteome profi ling of exosomes 
secreted by hepatocytes. J Proteome Res. 2008;7:5157–66. doi:  10.1021/pr8004887    .  

    203.    Street JM, et al. Identifi cation and proteomic profi ling of exosomes in human cerebrospinal 
fl uid. J Transl Med. 2012;10:5. doi:  10.1186/1479-5876-10-5    .  

    204.    Gourzones C, et al. Extra-cellular release and blood diffusion of BART viral micro-RNAs 
produced by EBV-infected nasopharyngeal carcinoma cells. Virol J. 2010;7:271. 
doi:  10.1186/1743-422X-7-271    .  

    205.    Mathivanan S, Simpson RJ. ExoCarta: a compendium of exosomal proteins and 
RNA. Proteomics. 2009;9:4997–5000. doi:  10.1002/pmic.200900351    .  

    206.    Samsonov R, et al. Lectin-induced agglutination method of urinary exosomes isolation fol-
lowed by mi-RNA analysis: application for prostate cancer diagnostic. Prostate. 2015. 
doi:  10.1002/pros.23101    .  

    207.    Cazzoli R, et al. microRNAs derived from circulating exosomes as noninvasive biomarkers 
for screening and diagnosing lung cancer. J Thorac Oncol. 2013;8:1156–62. doi:  10.1097/
JTO.0b013e318299ac32    .  

     208.    Singh R, Pochampally R, Watabe K, Lu ZH, Mo YY. Exosome-mediated transfer of 
miR-10b promotes cell invasion in breast cancer. Mol Cancer. 2014;13:256. 
doi:  10.1186/1476-4598-13-256    .  

    209.    Momen-Heravi F, et al. Increased number of circulating exosomes and their microRNA car-
gos are potential novel biomarkers in alcoholic hepatitis. J Transl Med. 2015;13:261. 
doi:  10.1186/s12967-015-0623-9    .  

    210.    Chen C, et al. Real-time quantifi cation of microRNAs by stem-loop RT-PCR. Nucleic Acids 
Res. 2005;33, e179. doi:  10.1093/nar/gni178    .  

M.-S. Zeng

http://dx.doi.org/10.1016/j.clinbiochem.2011.06.004
http://dx.doi.org/10.1016/j.clinbiochem.2011.06.004
http://dx.doi.org/10.1016/j.jhep.2013.01.032
http://dx.doi.org/10.1186/1476-4598-9-198
http://dx.doi.org/10.1038/onc.2011.449
http://dx.doi.org/10.1038/sj.bjc.6606076
http://dx.doi.org/10.1038/sj.bjc.6606076
http://dx.doi.org/10.1186/bcr2943
http://dx.doi.org/10.1038/nature11993
http://dx.doi.org/10.3389/fgene.2013.00307
http://dx.doi.org/10.1073/pnas.1405528111
http://dx.doi.org/10.1371/journal.pone.0141214
http://dx.doi.org/10.1016/j.molcel.2015.03.027
http://dx.doi.org/10.1016/j.cca.2015.02.018
http://dx.doi.org/10.1016/j.gdata.2015.07.017
http://dx.doi.org/10.1021/pr8004887
http://dx.doi.org/10.1186/1479-5876-10-5
http://dx.doi.org/10.1186/1743-422X-7-271
http://dx.doi.org/10.1002/pmic.200900351
http://dx.doi.org/10.1002/pros.23101
http://dx.doi.org/10.1097/JTO.0b013e318299ac32
http://dx.doi.org/10.1097/JTO.0b013e318299ac32
http://dx.doi.org/10.1186/1476-4598-13-256
http://dx.doi.org/10.1186/s12967-015-0623-9
http://dx.doi.org/10.1093/nar/gni178


427

    211.    Conte D, et al. Novel method to detect microRNAs using chip-based QuantStudio 3D digital 
PCR. BMC Genomics. 2015;16:849. doi:  10.1186/s12864-015-2097-9    .  

    212.    Matullo G, Naccarati A, Pardini B. microRNA expression profi ling in bladder cancer: the 
challenge of Next Generation Sequencing in tissues and biofl uids. Int J Cancer. 2015. 
doi:  10.1002/ijc.29895    .  

    213.   Mestdagh P et al. Evaluation of quantitative miRNA expression platforms in the microRNA 
quality control (miRQC) study (vol 11, pg 809, 2014). Nat Methods, 2014;11:971–971  

    214.    Kalra H, et al. Comparative proteomics evaluation of plasma exosome isolation techniques 
and assessment of the stability of exosomes in normal human blood plasma. Proteomics. 
2013;13:3354–64. doi:  10.1002/pmic.201300282    .  

    215.    Park NJ, et al. Salivary microRNA: discovery, characterization, and clinical utility for oral 
cancer detection. Clin Cancer Res. 2009;15:5473–7. doi:  10.1158/1078-0432.CCR-09-0736    .  

    216.    Xie Z, et al. Salivary microRNAs as promising biomarkers for detection of esophageal can-
cer. PLoS ONE. 2013;8, e57502. doi:  10.1371/journal.pone.0057502    .  

    217.    Xie ZJ, et al. Salivary microRNAs show potential as a noninvasive biomarker for detecting 
resectable pancreatic cancer. Cancer Prev Res. 2015;8:165–73. doi:  10.1158/1940-6207.
CAPR-14-0192    .  

     218.    Kok JB. DD3PCA3, a very sensitive and specifi c marker to detect prostate tumors. Cancer 
Res. 2002;62(9):2695–8.  

    219.    van Gils MP, et al. The time-resolved fl uorescence-based PCA3 test on urinary sediments 
after digital rectal examination; a Dutch multicenter validation of the diagnostic performance. 
Clin Cancer Res. 2007;13:939–43. doi:  10.1158/1078-0432.CCR-06-2679    .  

    220.    Yamada Y, et al. MiR-96 and miR-183 detection in urine serve as potential tumor markers of 
urothelial carcinoma: correlation with stage and grade, and comparison with urinary cytol-
ogy. Cancer Sci. 2011;102:522–9. doi:  10.1111/j.1349-7006.2010.01816.x    .  

    221.    Lewis H, et al. miR-888 is an expressed prostatic secretions-derived microRNA that pro-
motes prostate cell growth and migration. Cell Cycle. 2014;13:227–39. doi:  10.4161/
cc.26984    .  

    222.    Hanke M, et al. A robust methodology to study urine microRNA as tumor marker: 
microRNA-126 and microRNA-182 are related to urinary bladder cancer. Urol Oncol. 
2010;28:655–61. doi:  10.1016/j.urolonc.2009.01.027    .  

    223.    Ahmed FE, et al. Diagnostic microRNA markers for screening sporadic human colon cancer 
and active ulcerative colitis in stool and tissue. Cancer Genomics Proteomics. 
2009;6:281–95.  

    224.    Yantiss RK, et al. Clinical, pathologic, and molecular features of early-onset colorectal carci-
noma. Am J Surg Pathol. 2009;33:572–82. doi:  10.1097/PAS.0b013e31818afd6b    .  

    225.    Koga Y, et al. MicroRNA expression profi ling of exfoliated colonocytes isolated from feces 
for colorectal cancer screening. Cancer Prev Res (Phila). 2010;3:1435–42. doi:  10.1158/1940-
 6207.CAPR-10-0036    .  

    226.    Kalimutho M, et al. Differential expression of miR-144* as a novel fecal-based diagnostic 
marker for colorectal cancer. J Gastroenterol. 2011;46:1391–402. doi:  10.1007/
s00535-011-0456-0    .  

    227.    Link A, Becker V, Goel A, Wex T, Malfertheiner P. Feasibility of fecal microRNAs as novel 
biomarkers for pancreatic cancer. PLoS ONE. 2012;7, e42933.  doi:  10.1371/journal.
pone.0042933    .    

15 Noncoding RNAs in Cancer Diagnosis

http://dx.doi.org/10.1186/s12864-015-2097-9
http://dx.doi.org/10.1002/ijc.29895
http://dx.doi.org/10.1002/pmic.201300282
http://dx.doi.org/10.1158/1078-0432.CCR-09-0736
http://dx.doi.org/10.1371/journal.pone.0057502
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0192
http://dx.doi.org/10.1158/1940-6207.CAPR-14-0192
http://dx.doi.org/10.1158/1078-0432.CCR-06-2679
http://dx.doi.org/10.1111/j.1349-7006.2010.01816.x
http://dx.doi.org/10.4161/cc.26984
http://dx.doi.org/10.4161/cc.26984
http://dx.doi.org/10.1016/j.urolonc.2009.01.027
http://dx.doi.org/10.1097/PAS.0b013e31818afd6b
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0036
http://dx.doi.org/10.1158/1940-6207.CAPR-10-0036
http://dx.doi.org/10.1007/s00535-011-0456-0
http://dx.doi.org/10.1007/s00535-011-0456-0
http://dx.doi.org/10.1371/journal.pone.0042933
http://dx.doi.org/10.1371/journal.pone.0042933


429© Springer Science+Business Media Singapore 2016 
E. Song (ed.), The Long and Short Non-coding RNAs in Cancer Biology, 
Advances in Experimental Medicine and Biology 927, 
DOI 10.1007/978-981-10-1498-7_16

    Chapter 16   
 Therapeutic Potentials of Noncoding RNAs: 
Targeted Delivery of ncRNAs in Cancer Cells                     

     Yang     Liu     and     Jun     Wang    

    Abstract     Knowledge of multiple actions of short noncoding RNAs (ncRNAs) has 
truly allowed for viewing DNA, RNA, and protein in novel ways. The ncRNAs are 
an attractive new class of therapeutics, especially against undruggable targets for 
the treatment of cancer and other diseases. Despite the potential of ncRNAs in can-
cer therapy, many challenges remain, including rapid degradation and clearance, 
poor cellular uptake, off-target effects, and immunogenicity. Rational design, chem-
ical modifi cations, and delivery carriers offer signifi cant opportunities to overcome 
these challenges. In this chapter, the development of ncRNAs as cancer therapeutics 
from early stages to clinical trials and strategies for ncRNA-targeted delivery to 
cancer cells will be introduced.  

  Keywords     RNA interference   •   Small interfering RNA (siRNA)   •   MicroRNA 
(miRNA)   •   Cancer therapeutics   •   Delivery system  

16.1       Introduction 

 Cancer is a genetic disease resulting from the dysregulation of the gene networks 
that maintain normal cellular identity, growth, and differentiation. A key develop-
ment in unraveling the complex genetics of cancer may be the shift in focus from 
exclusively investigating the protein-coding components of the genome to consider-
ing the role of variation in regulatory elements [ 1 ]. Cancer in particular has been a 
major focus of noncoding RNA, especially microRNA research over the past 
decade, and many studies have demonstrated the importance of microRNAs in 
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cancer biology through controlling the expression of their target mRNAs to facili-
tate tumor growth, invasion, angiogenesis, and immune evasion. Additionally, tumor 
microRNA profi les can defi ne relevant subtypes, patient survival, and treatment 
response [ 2 ]. 

 MicroRNA dysregulation in cancer was fi rst reported in 2002 when a cluster of 
two microRNAs (miR-15 and miR-16) was identifi ed at 13q14.3, a region fre-
quently deleted in chronic lymphocytic leukemia (CLL) [ 3 ]. This miRNA deletion 
was correlated with higher expression of the antiapoptotic target B-cell lymphoma 
2 (BCL2). MicroRNAs have since been documented in roles in all of the cancer 
hallmarks including sustaining proliferative signaling, evading growth suppressors, 
resisting cell death, enabling replicative immortality, inducing angiogenesis, and 
activating invasion and metastasis, reprogramming of energy metabolism, and evad-
ing immune destruction [ 4 ]. 

 MicroRNA is dysregulated through the following mechanisms: genetic altera-
tions, epigenetic mechanisms, miRNA suppression by oncogenic transcription fac-
tors (such as Myc and KRAS), and miRNA downregulation by loss of 
tumor-suppressor transcription factors. MicroRNA-155 overexpression is associ-
ated with many cancer types including hematopoietic cancers, breast, lung, and 
colon cancer [ 5 ]. Overexpression of miR-155 is implicated in facilitating tumor cell 
growth and invasion and has attracted considerable interest as a putative therapeutic 
target [ 6 ]. MicroRNA-21 was the fi rst miRNA to be coined an oncomiR due to the 
rather universal overexpression of this miRNA in cancer [ 7 ]. Studies in miR-21 
knockout mice have demonstrated reduced lung tumor burden following activation 
of a mutant KrasG12D allele, and, in accordance, a miR-21 transgene resulted in 
increased tumor outgrowth [ 8 ]. MicroRNA-34a is a tumor-suppressor microRNA 
downstream of p53. Its replacement in cancer cells antagonizes key hallmarks 
including self-renewal, migratory potential, and chemoresistance [ 9 ]. 

 Along with miRNA, another type of small regulatory ncRNA known as exoge-
nous small interfering RNA is also involved in gene regulation and genome defense 
and shares components of the cellular pathways of RNA interference (RNAi). Small 
interfering RNAs (siRNAs) are 20–28-nt-long RNA molecules that can specifi cally 
cleave mRNA through a cytoplasmic pathway known as RNA interference (RNAi). 
Due to its special advantages such as unique specifi city, unlimited range of targets, 
and high effi ciency, siRNA has emerged as a powerful tool for cancer therapeutic 
gene silencing since its initial discovery in 1998 [ 10 ]. Due to the special mechanism 
of siRNA, it has four advantages as a potential cancer therapeutic strategy compared 
with traditional chemotherapy. The fi rst is its high degree of safety. siRNA acts on 
the posttranslational stage of gene expression. Thus, it does not interact with DNA 
and avoids the mutation and teratogenicity risks of gene therapy. The second advan-
tage of using siRNA is its high effi cacy. In a single cancer cell, siRNA can cause 
dramatic suppression of gene expression with just several copies. Compared to 
other small molecule drugs or antibody-based drugs, the greatest advantages of 
siRNA are the unrestricted choice of targets and specifi city determined by the prin-
ciple of complementary base pairing. This strategy also benefi ts from rapid devel-
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opments in molecular biology and whole-genome sequencing. In addition, 
comprehensive nucleotide sequence databases have been established, including 
human genomic databases, cDNA databases, and disease gene databases, which 
have laid a solid foundation for siRNA drug development. The basic strategy of a 
siRNA drug is to treat cancer by silencing the specifi c cancer-promoting gene with 
a rationally designed siRNA. 

 The miRNA-based therapeutics could include anti-miRNA antisense oligode-
oxyribonucleotide (also known as antagomirs), and miRNA replacement therapy 
with synthetic miRNA or miRNA mimics [ 11 ]. Along with synthetic siRNAs, 
ncRNA-based therapeutics are usually short nucleotides (~20 nt), and there are mul-
tiple challenges for ncRNA-based therapeutics in vivo (see Fig.  16.1 ), such as off- 
target effects, delivery barriers, and immunogenicity [ 12 ].

   MicroRNAs bind and block translation of their target mRNAs having partial 
complementary sites typically located in the 3′-UTR, which may cause some off- 
target effects associated with miRNA-based therapeutics [ 13 ]. Studies have shown 
that siRNAs may also silence an unknown number of unintended genes. There are 
two mechanisms suggested to explain this off-target effect. First, siRNAs can toler-
ate several mismatches at the mRNA target and retain their ability to silence targets 
with imperfect complementarity [ 14 ]. The second mechanism involves the promis-
cuous entry of siRNAs into endogenous miRNA machinery [ 15 ]. MicroRNAs rec-
ognize targets with perfect complementarity to their “seed regions” composed of 
2–8 nucleotides. Complementarity of the remaining nucleotides has less importance 
for recognition. Because siRNAs are very nearly identical to the related class of 
miRNAs, they can recognize mRNAs with their seed region and lead to degradation 
of an unpredictable number of mRNAs in a miRNA-like manner. 
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  Fig. 16.1    Barriers encountered by ncRNAs following systemic administration       
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 RNAi is a mechanism involved in the innate immune response to protect cells 
from invasion by nucleic acids of pathogens such as viruses and bacteria. Several 
studies have demonstrated that ncRNAs themselves can activate innate immunity 
by inducing interferon expression, even at low concentrations [ 16 ]. Protein kinase 
R (PKR) and Toll-like receptor (TLR) 3 signaling pathways may be involved in 
sequence-independent immune activation by siRNAs. Some sequence motifs, such 
as 5′-UGUGU-3′ [ 17 ] or 5′-GUCCUUCAA-3′ [ 18 ], secondary structures, and uri-
dine content of the sequence have been identifi ed as important factors for immune 
activation by these pathways. However, the exact rules of sequence-dependent 
immune activation are not yet known. Hence, potential therapeutic siRNAs must be 
tested for an immune response prior to clinical applications. 

 The systemic delivery and in vivo application of ncRNAs are further hampered 
by many additional anatomical and physiological defensive barriers presented by 
the human body, which must be overcome for ncRNAs to reach their sites of action. 
The ncRNAs are easily fi ltered from the glomerulus and rapidly excreted from the 
kidney [ 19 ]. Together with rapid excretion kinetics, the susceptibility to degradation 
by nucleases is a major problem leading to the short half-life (15 min to 1 h) of 
ncRNAs in plasma, potentially limiting the use of noncoding RNA drugs adminis-
trated by intravenous injection [ 20 ]. In addition to circulating nucleases and renal 
clearance, another major barrier to effective in vivo delivery of noncoding RNA 
drugs is the clearance by the reticuloendothelial system (RES) [ 21 ]. The RES is 
composed of phagocytic cells, including circulating monocytes and tissue macro-
phages, whose physiological function is to clear the body of foreign pathogens, 
remove cellular debris that is generated during tissue remodeling, and clear cells 
that have undergone apoptosis. Phagocytic cells of the RES, particularly the abun-
dant Kupffer cells in the liver and splenic macrophages, also detect and phagocytose 
noncoding RNAs, as well as nanoparticle carriers that may be used to enhance their 
delivery. The unfavorable physicochemical properties such as negative charge, large 
molecule weight, and size complicate passive diffusion of noncoding RNAs through 
the cell membrane, which makes their cellular uptake to be one of the major hurdles 
[ 22 ]. Once the noncoding RNA drugs are transferred into the tumor cells, the intra-
cellular release which is always associated with endosomal escape is the crucial 
challenge of effi cient gene delivery [ 23 ]. The intracellular traffi cking of ncRNA 
delivered by different reagents generally begins in early endosomes. These early 
endosomes subsequently fuse with sorting endosomes, which in turn transfer their 
contents into late endosomes. The endosomal compartments of cells are signifi -
cantly acidic (pH 5.0 ∼ 6.2), while the cytosol or intracellular space is neutral. 
Endosomes are then relocated to lysosomes, which are further acidifi ed (pH ~4.5) 
and contain various nucleases that promote the degradation of ncRNA. The intracel-
lular stability is another barrier for ncRNA therapeutics.  
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16.2     Preclinical and Clinical Development of ncRNA-Based 
Therapeutics 

16.2.1     Preclinical Development of ncRNA-Based Therapeutics 

 To overcome the abovementioned challenges, many efforts have made in preclinical 
studies of ncRNA-based therapeutics. The rational design enables improvement of 
effi cacy, specifi city, and off-target profi les of siRNAs. The backbone length, sec-
ondary structures, and nucleotide sequences of siRNAs have effects on these prop-
erties, and several rules have been formulated for the rational design of siRNAs: 
2-nt overhangs at each 3′-end (typically UU or TT) are important for recognition of 
siRNAs by the RNAi machinery [ 24 ]; the GC content of the sequence determines 
the thermodynamic stability of siRNAs and should ideally be between 30 and 70 % 
[ 25 ]; the target sequences are generally chosen 75–100 bases downstream of the 
start codon to avoid nucleotide sequences occupied by regulatory or translational 
proteins and exon–exon junctions [ 26 ]; and inclusion or exclusion of specifi c nucle-
otides at particular positions (e.g., A/U at positions 10 and 19, a G/C at position 1) 
is also considered important for the specifi city and effi cacy of designed siRNAs 
[ 27 ]. 

 Chemical modifi cations at the sequence or structural level can help alleviate 
major obstacles for therapeutic use of siRNAs [ 28 ]. A variety of chemical modifi ca-
tions of siRNA have been developed to improve the nuclease stability of siRNAs: 
modifi cation of the 2′-position of the ribose (such as 2′- O -methyl, 2′-OMe) can 
decrease susceptibility of internucleotide phosphate linkages to nuclease cleavage 
and increase the stability of the duplex [ 29 ]; 2′-fl uoro (2′-F) modifi cations are 
known to increase nuclease resistance without causing a signifi cant compromise in 
effi ciency [ 30 ]; modifi cation with locked nucleic acids (LNAs) is another strategy 
to increase stability and nuclease resistance [ 31 ]; and another alternative strategy to 
increase stability while retaining potency is the substitution of DNA bases into siR-
NAs [ 32 ]. The replacement of the guide-strand seed region by deoxynucleotides, 
placing a single 2′-OMe residue at position +2 of the guide strand, selective place-
ment of LNA residues, and modifi cation of the 5′-phosphate group were commonly 
used chemical modifi cations to reduce off-target effects [ 33 ]. siRNA-induced 
immune activation can be limited by the replacement of uridines with their 2′-F-, 
2′-deoxy-, or 2′-OMe-modifi ed counterparts. The 2′-OMe-modifi ed siRNAs inhibit 
production of TNF-alpha induced by their unmodifi ed immunostimulatory counter-
parts even at very low concentrations. To minimize stability issues and reduce off- 
target effects, these chemical modifi cations are likely to be transferrable to miRNAs 
due to their similar structures. 

 Rational design strategies and chemical modifi cations have substantially 
improved some of the problems involved with ncRNA-based therapeutics. However, 
poor cellular uptake remains an important issue that requires the use of carriers to 
facilitate ncRNA uptake into the cells. Viral vectors have the advantages in terms of 
gene transfer effi ciency as a result of optimized receptor-mediated internalization, 
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effi cient cytosolic release, directed and fast intracellular transport toward target 
compartments, and immediate disassembly [ 34 ]. However, the need for long circu-
lation in the blood and the accumulation in the target site in addition to safety con-
cerns including carcinogenesis, immunogenicity, and broad tissue tropism limit the 
application of viral vectors [ 35 ] and have motivated the exploration of nonviral 
vectors such as nanocarriers. Nanocarriers are small particles (ranging from 1 to 
300 nm) that can carry and deliver drugs, oligonucleotides, peptides, or desired 
cargos to target tissues. Various nanocarriers have been used for ncRNA delivery in 
biomedical applications. Based on surface charge, size and hydrophobicity, they 
have unique tissue biodistribution, toxicity, and tumor cell uptake profi les [ 36 ]. The 
nanomaterials used in the fabrication process, such as natural or synthetic lipids 
(e.g., liposomes, micelles) and polymers (e.g., chitosan, polylactic-co-glycolic acid, 
polylactic acid, polyethylenimine), determine the attributes of the resulting carrier 
[ 37 ]. Recently, it has been reported that direct conjugation of small drug molecules, 
aptamers, lipids, peptides, proteins, or polymers to ncRNA can improve the in vivo 
pharmacokinetic behavior of ncRNAs. Such ncRNA bioconjugates, either with or 
without forming nanocomplexes with cationic carriers, can signifi cantly enhance 
biological half-life with a concomitant increase of delivery effi ciency to the target 
tissue while maintaining suffi cient gene-silencing activity [ 38 ].  

16.2.2     Clinical Development of ncRNA-Based Therapeutics 

 After validation using in vivo models, siRNA-based therapies were introduced into 
clinical trials. Since the discovery of RNAi, there have been more than 50 clinical 
trials involving 26 different siRNAs. Although many of the earlier studies have not 
reached the clinical stage due to safety concerns and poor effi cacy, ncRNA-based 
therapeutics are still being pursued (see Table  16.1 ).

   TKM-PLK1 (solid lipid-based stable nucleic acid lipid particles, SNALP-carried 
siRNA), targeting polo-kinase-1, was tested in solid tumors with liver involvement 
by Tekmira Pharmaceuticals. The drug was well tolerated in phase I of the trial. 
Currently, two distinct phase II trials are recruiting participants to determine the 
safety and effi cacy in hepatocellular carcinoma or neuroendocrine tumors and adre-
nocortical carcinoma. Alnylam Pharmaceuticals develops ALN-VSP02, with two 
distinct siRNAs targeting kinesin spindle protein (KSP) and VEGF, in a partnership 
with Tekmira for the use of SNALP as carrier. In phase I, ALN-VSP02 was well 
tolerated, and an anti-VEGF effect was observed in patients with advanced solid 
tumors with liver involvement. An extension study was then initiated in patients 
who responded to therapy in phase I, in order to collect long-term safety data. The 
siRNA siG12D, which targeted mutant KRAS (KRASG12D), was designed by 
Silenseed Ltd. for pancreatic ductal adenocarcinoma [ 39 ]. siG12D was encapsu-
lated in a biodegradable polymer local drug eluter (LODER) for controlled and 
prolonged delivery. A phase II study to assess the effi cacy of siG12D LODER in 
combination with gemcitabine or FOLFIRINOX chemotherapy was announced in 
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patients with unresectable, locally advanced pancreatic cancer. Silence Therapeutics 
designed AtuPLEX, which was a cationic lipoplex with negatively charged nucleic 
acids. Atu027, a siRNA targeting protein kinase N3 (PKN3) carried in AtuPLEX, 
was shown to cause stabilization or regression of disease with no dose-dependent 
toxicities in patients with advanced solid tumors. A phase Ib/IIa trial is currently 
being conducted to evaluate the safety and activity of Atu027 in combination with 
standard gemcitabine treatment in patients with advanced or metastatic pancreatic 
adenocarcinoma [ 40 ]. Dicerna Pharmaceuticals announced two distinct trials in 
2014 for DCR-MYC, an LNP carrying siRNA against MYC for hepatocellular car-
cinoma and solid tumors, multiple myeloma, or non-Hodgkin lymphoma. Lastly, a 
phase I clinical trial is underway with siRNA-EphA2-DOPC in patients with ovar-
ian cancer (OC) at the MD Anderson Cancer Center. 

 As to miRNA-based therapeutics, there are two drugs in clinical trials that may 
shed light on the clinical application. Miravirsen (or SPC3649) is an LNA-modifi ed 
oligonucleotide designed to inhibit miR-122 developed by Danish fi rm Santaris 
Pharma [ 41 ]. Miravirsen has gone through two phase I clinical trials, successfully 
demonstrating that the drug is safe even in humans (NCT00688012, NCT00979927) 
and one phase IIa clinical trial (NCT01200420). This phase IIa trial enrolled 38 
patients with treatment-naïve chronic HCV infection to monitor safety, tolerability, 
pharmacokinetics, and effi cacy on HCV viral titer. Multiple dosage of miravirsen 
administered subcutaneously to patients gave promising outcomes with a mean 
reduction of HCV RNA levels by two to three logarithmic levels. Further, almost 
half of the patients treated by the highest dose displayed undetectable levels of HCV 
RNA within 4 weeks. As for miRNA replacement therapy, MRX34, a miR-34a 
mimic compound, will probably be the fi rst miRNA replacement compound to 
reach clinical stages [ 42 ]. miR-34a represents one of the most documented tumor 
suppression-associated miRNAs, being a transcriptional product of the transcription 
factor and genome guardian p53. Mirna Therapeutics has developed custom 
nanoparticle liposomes to increase stability, enhance delivery, and prevent immune 
response effects, and the upcoming clinical trial in phase I is recruiting patients with 
non-respectable primary liver cancer or metastatic cancer such as melanoma with 
liver involvement. 

 ncRNAs serve as therapeutic drugs for cancer treatment, while effective strate-
gies for short ncRNA delivery into cancer cells in vivo are being extensively 
explored. The recent strategies to deliver ncRNAs as therapeutic molecules for can-
cer treatment will be introduced in the following section (see Table  16.2 ).

16.3         Conjugate Delivery Systems 

 One strategy for improving the function of ncRNAs in vivo is to make dramatic 
changes to conjugate the ncRNAs to small molecules or peptides which are designed 
to increase binding to proteins or cellular uptake. The concept behind ncRNA con-
jugates is simple. One part of the conjugate is siRNA or miRNA, which provides 
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   Table 16.2    Current strategies for ncRNA in vivo delivery   

 Delivery 
system  Target gene  Indications  Route  Ref. 

 Cholesterol 
conjugate 

 ApoB  Hypercholesterolemia  Intravenous 
injection 

 [ 43 , 
 44 ] 

 Cholesterol 
conjugate 

 Let-7a  Hepatocellular carcinoma  Intravenous 
injection 

 [ 45 ] 

 R-tocopherol 
conjugate 

 ApoB  Hypercholesterolemia  Intravenous 
injection 

 [ 46 ] 

 PTD-DRBD 
conjugate 

 EGFR and Akt20  Glioblastoma  Intracerebral 
injection 

 [ 48 ] 

 RVG-9R 
peptide 
conjugate 

 FvE  Viral encephalitis  Intravenous 
injection 

 [ 97 ] 

 TRA 
conjugate 

 Luciferase  Brain  Intravenous 
injection 

 [ 51 ] 

 scFvCD7-9R 
complex 

 CCR5  HIV  Intravenous 
injection 

 [ 52 ] 

 F105-P 
complex 

 c-Myc/MDM2/VEGF  Melanoma  Intravenous 
injection 

 [ 53 ] 

 F5-P 
complex 

 PLK1  Breast cancer  Intravenous 
injection 

 [ 54 ] 

 A10 
aptamer–
siRNA 
chimera 

 PLK1  Prostate cancer  Intratumoral 
injection 

 [ 59 ] 

 A10 
aptamer–
siRNA 
chimera 

 PLK1  Prostate cancer  Intraperitoneal 
injection 

 [ 60 ] 

 GL21.T 
aptamer–
let-7 g 
chimera 

 Let-7 g  Lung adenocarcinoma  Intravenous 
injection 

 [ 64 ] 

 Neutral 
liposome 

 EphA2  Ovarian cancer  Intraperitoneal 
injection 

 [ 69 ] 

 Neutral 
liposome 

 PAR-1  Melanoma  Intravenous 
injection 

 [ 70 ] 

 Cationic 
liposome 

 TNFα  Sepsis  Intraperitoneal 
injection 

 [ 71 ] 

 Cationic 
liposome 

 MCL-1  Non-small cell lung 
cancer 

 Intravenous 
injection 

 [ 72 ] 

 Cationic 
liposome 

 c-Myc/MDM2/VEGF  Melanoma  Intravenous 
injection 

 [ 74 ] 

 SNALP  HBsAg  Hepatitis B virus  Intravenous 
injection 

 [ 81 ] 

 SNALP  ApoB  Hypercholesterolemia  Intravenous 
injection 

 [ 82 ] 

(continued)
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Table 16.2 (continued)

 Delivery 
system  Target gene  Indications  Route  Ref. 

 SNALP  PLK1/KSP  Hepatocellular carcinoma  Intravenous 
injection 

 [ 83 ] 

 CDP  EWS-FLI1  Metastatic Ewing’s 
sarcoma 

 Intravenous 
injection 

 [ 89 ] 

 CC9-PC  miR-34a  Pancreatic cancer model  Intravenous 
injection 

 [ 92 ] 

 LMW-PEI  HER-2  Ovarian carcinoma  Intravenous 
injection 

 [ 93 ] 

 PEI  miR145  Lung adenocarcinoma  Intravenous 
injection 

 [ 96 ] 

 PEI  miR-145  Glioblastomas  Intracranial 
injection 

 [ 97 ] 

 RVG–SSPEI  miR-124a  Brain  Intravenous 
injection 

 [ 99 ] 

 PLGA  ERK2  Infectious disease  Vaginal 
instillation 

 [ 103 ] 

 PEG-PLA  PLK1  Breast cancer  Intravenous 
injection 

 [ 104 ] 

 PEG-PLA  GATA2  Non-small cell lung 
cancer 

 Intravenous 
injection 

 [ 105 ] 

 PAMAM  TAT/REV  HIV  Intravenous 
injection 

 [ 110 ] 

 PEG- 
PAMAM 

 GFP  GFP-transgenic mouse 
model 

 Intramuscular 
injection 

 [ 113 ] 

 Amphiphilic 
PAMAM 

 Hsp27  Prostate cancer  Intravenous 
injection 

 [ 114 ] 

 PPI  EGFR  Glioblastoma  Convection- 
enhanced 
delivery 

 [ 116 ] 

  Abbreviation 
  ApoB  apolipoprotein B,  PTD-DRBD  peptide transduction domains and double-stranded RNA- 
binding domain,  EGFR  epidermal growth factor receptor,  RVG-9R  rabies virus glycoprotein- 
conjugated oligo-9-arginine,  TRA  transferrin receptor antibody,  scFvCD7-9R  CD7-specifi c 
single-chain antibody-conjugated oligo-9-arginine,  CCR5  C-C chemokine receptor type 5,  F105-P  
Fab antibody (F105) fragment directed against HIV-1 envelope fused to protamine,  MDM2  mouse 
double minute 2 homolog,  VEGF  vascular endothelial growth factor,  F5-P  Fab antibody (F5) frag-
ment directed against Her2 fused to protamine,  A10 aptamer  aptamer against the extracellular 
domain of the prostate-specifi c membrane antigens,  GL21.T aptamer  anti-Axl receptor inhibitory 
aptamer,  PAR-1  protease-activated receptor-1,  TNFα  tumor necrosis factor alpha,  MCL1  myeloid 
cell leukemia 1 protein,  HBsAg  hepatitis B surface antigen,  SNALP  stable nucleic acid lipid parti-
cle,  CDP  cyclodextrin polymer,  CC9-PC  CC9 peptide-conjugated β-cyclodextrin-polyethylenimine, 
 LMW-PEI  low molecular weight polyethylenimine,  PLGA  poly(lactide-co-glycolide),  PEG- PLA  
polyethylene glycol–polylactic acid,  PAMMA  polyamidoamine,  GATA2  GATA-binding protein 2, 

 GFP  green fl uorescent protein,  PPI  poly(propylenimine)  
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specifi city for the target mRNA sequence. The other part of the conjugate is a mol-
ecule optimized for improving biodistribution, cellular uptake, or other in vivo 
properties. A major strength of the approach is that the two portions of the conjugate 
can be developed as separate modules and then coupled to create hybrid molecules 
that combine the strengths of the two parts. A weakness is that the synthesis of novel 
conjugates is complicated by the need to couple a molecule to the ncRNAs, making 
a large and complex ncRNA even larger and more complex. The ncRNA bioconju-
gates could be lipophile–ncRNA conjugates, peptide–ncRNA conjugates, anti-
body–ncRNA conjugates, and aptamer–ncRNA conjugates. 

16.3.1     Lipophile Conjugates 

 Cholesterol was covalently conjugated to siRNA for systemic delivery [ 43 ]. It was 
conjugated to the 3′-terminus of the sense strand of siRNA via a pyrrolidone link-
age. The cholesterol-modifi ed siRNAs could silence an endogenous gene encoding 
apolipoprotein B (ApoB) after intravenous injection in mice. The administration of 
chemically modifi ed siRNAs resulted in silencing of the ApoB messenger RNA in 
the liver and jejunum, decreased plasma levels of ApoB protein, and reduced total 
cholesterol levels [ 43 ]. In addition to the chol–siRNA conjugate, a series of lipo-
philic siRNA conjugates, including siRNA conjugates with bile acids and lipids, 
were synthesized by Wolfrum et al. [ 44 ]. The degree of hydrophobicity, which 
directly related to the length of the alkyl chain, seemed to be a major determinant 
for the affi nity of siRNA–fatty acid conjugates to lipoproteins. The siRNA conju-
gates with higher affi nity to lipoproteins (i.e., the ones with longer fatty acid chains) 
showed enhanced gene-silencing capabilities, suggesting that lipoproteins may 
facilitate the cellular uptake of the conjugates. When systemically administered, 
chol–siRNA bound to HDL demonstrated fi vefold higher cleavage of the target 
RNA transcript (ApoB) in mice, compared to unbound chol–siRNA at the same 
concentration. Liu et al. [ 45 ] have recently demonstrated antitumor effi cacy of 
cholesterol- conjugated let-7a mimics (Chol-let-7a) in vitro and in vivo and verifi ed 
for the fi rst time that Chol-let-7a effectively carries let-7a to orthotopic tumors in 
the liver and successfully inhibits tumor growth in a preclinical model when deliv-
ered systemically. The results show that Chol-let-7a downregulates all three human 
Ras at transcriptional and translational levels and primarily functions in the cyto-
plasm, thus, suggesting that the use of cholesterol-conjugated miRNAs is a promis-
ing tool for HCC systemic therapy. Another lipophile–siRNA conjugate, 
R-tocopherol (vitamin E)-siRNA, was introduced for systemic siRNA delivery to 
the liver [ 46 ]. The α-tocopherol was covalently bound to the antisense strand of 
27/29-mer siRNA at the 5′-end (Toc-siRNA). The 27/29-mer Toc-siRNA was 
designed to be cleaved by Dicer, producing a mature form of 21/21-mer siRNA after 
releasing α-tocopherol. Using this new vector, intravenous injection of 2 mg/kg of 
Toc-siRNA, targeting apolipoprotein B (ApoB), achieved effi cient reduction of 
endogenous ApoB messenger RNA (mRNA) in the liver.  

Y. Liu and J. Wang



441

16.3.2     Peptide Conjugates 

 Cell-penetrating peptides (CPPs) are another conjugate materials used for siRNA 
transfection effi cacy improvement. A well-known CPP is the TAT trans-activator 
protein from human immunodefi ciency virus type 1 (HIV-1). TAT has been conju-
gated to the 3′-terminus of the antisense strand of a siRNA using a heterobifunc-
tional cross-linker (HBFC), such as sulfosuccinimidyl-4-(p-maleimidophenyl) 
butyrate [ 47 ]. The extent of cellular uptake showed a direct relationship with the 
amount of conjugate used for the transfection and the time elapsed after transfec-
tion. An alternative peptide–siRNA complexation approach utilizes a recombinant 
fusion of the HIV Tat protein PTD with a double-stranded RNA-binding domain 
(DRBD) that binds to siRNA and neutralizes its negative charges. The PTD-DRBD 
peptide vector has shown excellent cellular delivery of siRNA into various primary 
and transformed cells. PTD-DRBD has been used to package two siRNAs simulta-
neously (against EGFR and Akt20) to induce tumor-specifi c apoptosis in a glioblas-
toma model after intracerebral injection and to also substantially increase mouse 
survival [ 48 ]. Stearylated peptide vectors have also been used successfully to deliver 
siRNA. A TP10-derived lipopeptide (PF6) was designed to aid endosomal release 
through the attachment of four pH titratable trifl uoromethylquinoline moieties to a 
lysine side chain of TP10. It was shown to form nanoparticles with siRNA and 
knockdown HPRT1 mRNA production in a range of cell types as well as in the 
kidney, lung, and liver of mice upon tail vein infusion at 1 mg/kg [ 49 ]. Most of the 
anti-miR oligonucleotide types utilize 2′-OMe, LNA, or 2′-fl uoro analogues usually 
as mixmers of more than one analogue type or with DNA. In vivo applications all 
utilize PS linkages. Some naked oligonucleotide analogues may have the ability not 
only to enter cells through endocytosis but also to effi ciently block miRNA activity 
without the need for any enhancement of transfection by peptides [ 50 ].  

16.3.3     Antibody Conjugates 

 The targeted delivery of different therapeutic ncRNA formulations to desired tis-
sues/cells may be a prerequisite for the clinical use of the drugs. Antibody-mediated 
targeted drug delivery systems have attracted much attention due to their superior 
stability and high specifi city. Xia et al. have delivered siRNAs to the brain in vivo 
with the combined use of a receptor-specifi c monoclonal antibody delivery system 
and avidin–biotin technology. The siRNA was mono-biotinylated on the terminus of 
the sense strand, in parallel with the production of a conjugate of the targeting MAb 
and streptavidin. Following the formation of intracranial tumors, the rats were 
treated with a single intravenous injection of 270 mg/kg of biotinylated siRNA 
attached to a transferrin receptor antibody via a biotin–streptavidin linker. The intra-
venous administration of the siRNA caused a 69–81 % decrease in luciferase gene 
expression in the intracranial brain cancer in vivo [ 51 ]. Kumar et al. have used a 

16 Therapeutic Potentials of Noncoding RNAs: Targeted Delivery of ncRNAs…



442

CD7-specifi c single-chain antibody conjugated to oligo-9-arginine peptide 
(scFvCD7-9R) for T cell-specifi c siRNA delivery in NOD/SCIDIL2rγ −/−  mice 
reconstituted with human lymphocytes (Hu–PBL) or CD34+ hematopoietic stem 
cells (Hu–HSC). In HIV-infected Hu–PBL mice, treatment with anti-CCR5 (viral 
co-receptor) and antiviral siRNAs complexed to scFvCD7-9R controlled viral rep-
lication and prevented the disease-associated CD4 T cell loss. This treatment also 
suppressed endogenous virus and restored CD4 T cell counts in mice reconstituted 
with HIV+ peripheral blood mononuclear cells. Moreover, scFvCD7-9R could 
deliver antiviral siRNAs to naive T cells in Hu–HSC mice and effectively suppress 
viremia in infected mice [ 52 ]. 

 The delivery of siRNA by targeting the single-chain variable fragment (scFv) on 
the cell surface is rapid. scFv can accurately identify intracellular and extracellular 
antigens and achieve the precise positioning. Song et al. have designed a protamine–
antibody fusion protein to deliver siRNA to HIV-infected or envelope-transfected 
cells. The fusion protein (F105-P) was designed with the protamine-coding sequence 
linked to the C-terminus of the heavy-chain Fab fragment of an HIV-1 envelope 
antibody. siRNAs bound to F105-P induced silencing only in cells expressing HIV-1 
envelope. Additionally, siRNAs targeted against the HIV-1 capsid gene  gag  inhib-
ited HIV replication in hard-to-transfect, HIV-infected primary T cells. Intratumoral 
or intravenous injection of F105-P-complexed siRNAs into mice targeted HIV 
envelope-expressing B16 melanoma cells, instead of normal tissue or envelope- 
negative B16 cells. Injection of F105-P with siRNAs targeting c-myc, MDM2, and 
VEGF inhibited envelope-expressing subcutaneous B16 tumors. Furthermore, an 
ErbB2 single-chain antibody fused with protamine delivered siRNAs specifi cally 
into ErbB2-expressing cancer cells [ 53 ]. Yao et al. have used a protamine peptide 
fused to a scFv that binds ERBB2 (F5-P) to specifi cally deliver a siRNA targeting 
PLK1 into ERBB2 (also known as HER2)-expressing breast cancer cells. F5-P- 
mediated delivery of PLK1 siRNAs effectively reduced PLK1 expression and pro-
liferation and increased apoptosis of ERBB2+ breast cancer cell lines and primary 
breast cancer cells in vitro. F5-P was also capable of delivering PLK1 siRNAs to 
ERBB2 +  cell lines or primary breast tumor cells grown as xenografts in nude mice. 
In these models, tail vein injection of PLK1 siRNAs in a complex with F5-P twice 
a week for 4 weeks signifi cantly slowed tumor growth (followed for 7 weeks). 
Meanwhile, ERBB2 −  tumors were insensitive to this treatment [ 54 ].  

16.3.4     Aptamer Conjugates 

 Aptamers are short, structured, single-stranded RNA or DNA ligands that bind to 
target molecules with high specifi city and affi nity. Since their discovery in the 
1980s, aptamers have been generated that target the extracellular domain of trans-
membrane receptors overexpressed in tumors, thus becoming (along with monoclo-
nal antibodies) ideal tools for the specifi c recognition of cancer cell surfaces. 
Aptamers are generated from high-complexity pools through a combinatorial 
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process named systematic evolution of ligands by exponential enrichment (SELEX) 
to tightly bind to their proper targets [ 55 ]. The use of aptamers offers the possibility 
to overcome insertional mutagenesis and immunogenicity of viral vectors [ 56 ] and 
possible limited effectiveness and toxicity of nanoparticles, enabling the specifi c 
accumulation of ncRNAs in target tumor cells in a safe and effective manner. 

 Aptamers against the extracellular domain of the prostate-specifi c membrane 
antigens (PSMAs), A9 and A10 aptamers [ 57 ], have been extensively characterized 
for siRNA delivery by developing different approaches based either on noncovalent 
or covalent conjugation. Chu et al. [ 58 ] have developed a multivalent RNA aptamer–
siRNA chimeric structure in which two biotinylated anti-PSMA aptamers (A9) are 
linked to two biotinylated anti-lamin A/C siRNAs using streptavidin as a connector. 
To enhance siRNA release after internalization, a reducible disulfi de linker was 
designed between the sense strand of the siRNA and the biotin group. By using such 
a streptavidin connector, this RNA aptamer–streptavidin–siRNA conjugate was 
effi ciently internalized by the PSMA-positive LNCaP cells and mediated a rapid 
inhibition of gene expression. McNamara et al. [ 59 ] have described the fi rst- 
generation aptamer–siRNA chimera. An aptamer that specifi cally bound to PSMA 
was covalently linked to the passenger strands of siRNAs, followed by annealing of 
the guide strands of the siRNAs to the passenger strands to create a functional 
siRNA duplex. The chimeras mediated targeted silencing in prostate cancer cells 
expressing PSMA and effi ciently promoted cell death. When the chimera was 
injected intratumorally, the tumor volume in a xenograft mouse model of prostate 
cancer was decreased. Subsequently, Dassie et al. [ 60 ] have optimized the aptamer–
siRNA chimera for systemic administration, leading to second-generation chime-
ras. They reduced the aptamer portion of the chimera, designed a 2-nt (UU) overhang 
at the 3′-end of the siRNA duplex and swapped the passenger and guide strands of 
the siRNA. They also appended a PEG (MW = 20 kDa) onto the siRNA passenger. 
As a result of these modifi cations, the optimized second-generation, aptamer–
siRNA chimeras displayed a clear regression of PSMA-expressing tumors in nude 
mice following intraperitoneal administration. Several other aptamers against cell 
surface proteins overexpressed on cancer cells have been used for siRNA delivery. 
For example, aptamers specifi c for Her-2-positive breast cancer cells were cova-
lently conjugated to BCL-2 siRNA, generating a chimera able to sensitize cells to 
chemotherapy [ 61 ]. 

 Given the progress in the design of aptamer-based strategies for siRNA delivery, 
the use of aptamers as delivery moieties for microRNAs has recently been explored. 
A second-generation aptamer against PSMA (A10-3.2) was conjugated to a poly-
amidoamine (PAMAM)-based microRNA (miR-15a and miR-16-1) using PEG as a 
spacer. The construct demonstrated selective delivery of the miRNA moiety into 
LNCaP (PSMA-positive) prostate cancer cells, inducing cell death in vitro [ 62 ]. 
Hao et al. used the same aptamer as recognition ligand in an atelocollagen (ATE)-
based microRNA (miRNA, miR-15a and miR-16-1) vector to target prostate cancer 
bone metastasis. The anticancer effi cacy of miRNA/ATE-APT was superior to that 
of other treatments in a human PCa bone metastasis mice model [ 63 ]. Esposito et al. 
have recently combined the anti-Axl receptor inhibitory aptamer named GL21.T 
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with the tumor-suppressor let-7g miRNA. The conjugate combined the miRNA 
activity with the aptamer function (Axl signaling inhibition), resulting in an effec-
tive inhibition of cell migration and survival in vitro and of tumor growth in vivo 
[ 64 ]. The selective delivery of anti-miRs to target cancer cells is still in its infancy; 
nevertheless, the development of aptamer-mediated approaches represents a con-
crete possibility to achieve this goal.   

16.4     Lipid-Based Delivery Systems 

 Liposomes are one of the most commonly used transfection reagents in vitro. 
Usually, liposomes are formed in an aqueous environment, in which a lipid bilayer 
forms a sphere with an aqueous core. For example, one set of polar head groups can 
create the outer surface of the nanocomplex, while another set of polar head groups 
faces the interior hydrophilic core, which houses the nucleic acid payload [ 12 ]. 
Liposomes can be created using single or multiple types of synthetic or natural lip-
ids, which allows for additional fl exibility when optimizing the physical and chemi-
cal properties of the nanoparticle [ 65 ]. Almost 50 years after the discovery of 
liposomes, the US FDA has approved 13 liposome-based products for human use, 
and a large number of liposomal products are in different phases of clinical trials 
[ 66 ]. 

 Liposomes offer several advantages as a ncRNA delivery system due to their 
ability to (1) prevent degradation of the payload, (2) accumulate preferentially in 
tumor tissues (passive targeting/delivery) and deliver high concentrations of the 
payload, (3) specifi cally target to tumor cells and the microenvironment with high- 
affi nity ligands (active targeting), and (4) provide safe and effective systemic deliv-
ery platforms in animals and humans depending on the lipid content [ 67 ]. 

 However, safe and effi cacious delivery in vivo is rarely achieved due to toxicity, 
nonspecifi c uptake, and unwanted immune response [ 68 ]. Much of the nonspecifi c 
response and toxicity is directly linked to the positive charge on the surface of the 
particles necessary for the binding of oligonucleotides. In recent years, a signifi cant 
effort has been dedicated to modifying the composition and chemical structure of 
liposomes for pharmaceutical drug delivery. For robust and successful ncRNA 
delivery with lipid-based systems, optimization of lipid composition, drug-to-lipid 
ratio, particle size, charge, surface-targeting moieties, payload encapsulation effi -
ciency, and the manufacturing process are required. 

16.4.1     Cationic Liposomes 

 Cationic liposomes have been traditionally the most commonly used nonviral deliv-
ery systems for oligonucleotides, including plasmid DNA, antisense oligos, and 
ncRNAs. Cationic lipids, such as 1,2-dioleoyl-3-trimethylammonium-propane 
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(DOTAP) and  N -[1-(2,3-dioleoyloxy)propyl]- N,N,N -trimethyl-ammonium methyl 
sulfate (DOTMA), can form complexes or lipoplexes with negatively charged 
siRNA or miRNA to form nanoparticles by electrostatic interaction, providing high 
in vitro transfection effi ciency [ 69 ,  70 ]. Sorensen et al. have used cationic DOTAP 
liposomes to deliver siTNF-α, and the lethal reaction to LPS injection in a mouse 
model of sepsis is suppressed [ 71 ]. To maintain an overall positive surface charge 
for adsorption through the cell membrane and to reduce the possible clearance 
caused by positive charge, the N/P (nitrogen-to-phosphate) ratio usually ranges 
from 2 to 3. Pre-miR-133b contains DOTMA–cholesterol. In the previous study, 
TPGS lipoplexes were prepared by adding pre-miR-133b to the empty liposomes. 
The in vitro transfection effi ciency and in vivo biodistribution of lipoplex formula-
tions were compared with siPORT NeoFX transfection agent. In vitro, the lipo-
plexes transfected pre-miR-133b more effi ciently than siPORT NeoFX, a 
commercially available lipid-based agent, in A549 non-small cell lung cancer cells. 
The mature miR-133b level in lungs following  i.v.  administration of pre-miR- 133b-
containing lipoplexes was approximately 52-fold higher than that in untreated mice 
[ 72 ]. Polycationic liposome–hyaluronic acid (LPH) nanoparticles have also been 
described by several investigators [ 73 ]. A tumor-targeting GC4 single-chain anti-
body fragment-modifi ed LPH (scFv-LPH) nanoparticles systemically co- delivered 
siRNA and miR-34a into experimental lung metastasis of murine B16F10 mela-
noma. The scFv-LPH nanoparticles encapsulating combined siRNAs against c-Myc, 
MDM2, and VEGF and miR-34a decreased the metastasis tumor growth to approxi-
mately 20 % of the untreated control. When treated with scFv-LPH nanoparticles 
containing only combined siRNAs or miR-34a, the reduction was approximately 30 
and 50 %, respectively, of the untreated control, suggesting that the effects were 
mediated through different mechanisms. The advantage of such a system lies in the 
potential to deliver siRNA and/or miRNA together to simultaneously target several 
different oncogenic pathways [ 74 ]. 

 Cationic liposomes, while effi ciently taking up and condensing ncRNAs, have 
had limited success for in vivo gene downregulation, perhaps because of their stable 
intracellular nature and resultant failure to release siRNA or miRNA contents [ 75 ]. 
In addition, toxicity of cationic lipids is the major issue following systemic admin-
istration preventing them from being a major candidate for ncRNA delivery. The 
use of cationic liposomes in in vivo mouse models elicits dose-dependent toxicity 
and pulmonary infl ammation, hepatotoxicity, and a systemic interferon type I 
response, which is attributed in part to the activation of TRL4 [ 68 ]. Cationic lipids 
also activate the complement system and cause their rapid clearance by macro-
phages of the RES. It has been demonstrated that cationic lipids are highly toxic to 
macrophages and other immune cells (ED50 < 50 nm/L) [ 76 ]. Different lengths of 
hydrocarbon chains can also infl uence the cytotoxicity of cationic lipids [ 77 ]. 
Toxicity of cationic lipids is linked to induction of reactive oxygen species (ROS) 
and increased intracellular calcium levels. In addition, DOTAP-based particles 
accumulate near the vasculature and are preferentially taken up by the liver and 
spleen, limiting their effectiveness in systemic or antitumor therapy [ 69 ]. Overall, 
although cationic lipid-based delivery systems offer some advantages as an ncRNA 
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delivery system, potential toxicities need to be addressed before their translation in 
clinical trials. Careful selection of lipids and formulation strategies may help reduce 
the potential toxicities.  

16.4.2     Neutral Liposomes 

 Because the surface charge of all biological membranes is negative, electronegative 
or neutral liposomes are more biocompatible than cationic liposomes and have 
superior pharmacokinetics in general. DOPC (1,2-dioleoylsn-glycero-3-phosphati-
dylcholine) is a kind of neutral lipid which has been used to improve the siRNA 
entrapment effi ciency. In 2005, Landen et al. developed the oncoprotein EphA2 
targeting DOPC-encapsulated siRNA liposomes, which was highly effective in 
reducing EphA2 expression 48 h after the administration of a single dose in an 
orthotopic model of ovarian carcinoma [ 69 ]. Currently, the EphA2 targeting DOPC- 
encapsulated siRNA liposome (siRNA-EphA2-DOPC) is in a phase I clinical trial 
initiated by the MD Anderson Cancer Center. As for miRNA, miR-34a and let-7 
were delivered with a type of neutral liposome to treat non-small cell lung cancer 
(NSCLC). The treatment with miR-34a or let-7 signifi cantly decreased the lung 
tumor burden to approximately 40 % of the mice treated with miRNA controls, and 
the expression level of miR-34a and let-7 in lungs was also signifi cantly higher than 
groups treated with miRNA mimic controls [ 78 ]. These fi ndings demonstrate the 
potential of developing ncRNA therapy formulations with neutral liposomes as 
novel therapies for lung cancer patients. 

 Coating liposomes with lipid-anchored PEG can reduce particle size, prevent 
aggregation during storage, increase circulatory half-life, and reduce uptake by the 
reticuloendothelial system (RES), such as red blood cells and macrophages [ 79 ]. 
However, using PEG is not always advantageous because the steric effect and charge 
effect of PEG block the interaction between the liposome and the endosomal mem-
brane and prevent the liposome from escaping the endosome. Many studies have 
been performed to improve the effi cacy of PEGylated nanoparticles, including 
rationally designed PEG length and density or incorporation of pH-sensitive bonds 
linking PEG to the liposome. How to achieve the best outcome with modulation of 
PEG length and density remains controversial. However, pH-sensitive modifi ed 
PEG with ionic interactions, such as the HEMA–histidine–methacrylic acid- 
modifi ed PEG liposome, has been shown to be effective. At neutral pH, the PEG 
copolymer has a net negative charge, whereas the liposomal core consisting of 
DOPE and cholesterol has a net positive charge. In the endosome, imidazole and 
methacrylic acid residues become protonated, and the net charge of the PEG 
becomes positive, which results in PEG release and positively charged liposomal 
membrane exposure, after which the liposome can fuse with the endosome and 
escape successfully [ 80 ].  
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16.4.3     Stable Nucleic Acid Lipid Particles (SNALPs) 

 To date, 12 clinically tested siRNA-based therapeutics have been administered by 
the  i.v.  route. All but one of these siRNAs has been carried by synthetic carriers, 
mostly SNALPs, which are a type of lipid nanoparticle that encapsulates siRNAs 
and delivers them to their target cells. SNALPs are microscopic particles approxi-
mately 120 nm in diameter. They have been used to deliver siRNAs therapeutically 
to mammals in vivo. In SNALPs, the siRNA is surrounded by a lipid bilayer con-
taining a mixture of cationic and fusogenic lipids, coated with diffusible polyethyl-
ene glycol [ 81 ]. With enhanced permeability and retention due to prolonged 
circulation time in the blood, SNALPs are highly bioavailable, which leads to the 
accumulation of SNALPs at the sites of vascular leakage, especially at cancer 
growth sites. After accumulation, SNALPs are easily endocytosed by cancer cells 
and deliver the siRNAs into cells successfully. SNALPs have been used for the 
treatment of many diseases, including hepatitis B viral infection, dyslipidemia, and 
Ebola (Zaire) [ 12 ,  82 ]. Judge et al. described the preclinical development of chemi-
cally modifi ed siRNAs targeting the essential cell-cycle proteins polo-like kinase 1 
(PLK1) and kinesin spindle protein (KSP) in mice. The siRNAs formulated in sta-
ble nucleic acid lipid particles (SNALPs) displayed potent antitumor effi cacy in 
both hepatic and subcutaneous tumor models. This was correlated with target gene 
silencing following a single intravenous administration that was suffi cient to cause 
extensive mitotic disruption and tumor cell apoptosis. Their siRNA formulations 
induced no measurable immune response, minimizing the potential for nonspecifi c 
effects. Additionally, RNAi-specifi c mRNA cleavage products were found in tumor 
cells, and their presence correlated with the duration of target mRNA silencing. 
Histological biomarkers confi rmed that RNAi-mediated gene silencing effectively 
inhibited the target’s biological activity [ 83 ]. 

 Another lipid-like delivery system is lipoid nanoparticles, which are comprised 
of cholesterol and PEG-modifi ed lipids specifi c for siRNA delivery [ 84 ]. To improve 
SNALP-mediated delivery, a new class of lipid-like delivery molecules was 
described, termed lipidoids, as delivery agents for RNAi therapeutics [ 85 ]. Chemical 
methods were developed to allow the rapid synthesis of a large library of over 1200 
structurally diverse lipidoids. From this library, they identifi ed lipidoids that facili-
tated high levels of specifi c silencing of endogenous gene transcripts when formu-
lated with either double-stranded small interfering RNA (siRNA) or single-stranded 
antisense 2-O-methyl (2′-OMe) oligoribonucleotides targeting microRNA 
(miRNA). The safety and effi cacy of lipidoids were evaluated in three animal mod-
els: mice, rats, and nonhuman primates. One of the most potential lipidoid drugs 
was the lipidoid-based siRNA formulation 98N 12 -5, which led to a 75–90 % reduc-
tion in ApoB or FVII factor expression in hepatocytes in nonhuman primates and 
mice. In addition, mice injected intraperitoneally with thioglycollate as a sterile 
infl ammation stimulus followed by injection of 98N 12 -5-formulated siCD45 showed 
a 65 % reduction of CD45 protein expression in the peritoneal macrophage popula-
tion. In the end, the potential of 98N 12 -5 to facilitate the delivery of anti-miRs was 
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tested. The results demonstrated that 98N 12 -5-formulated anti-miR122 dosed at 
5 mg/kg on three consecutive days in mice resulted in greater miR-122 repression 
than the cholesterol-conjugated version of the same oligoribonucleotide 
(antagomir122) dosed at 80 mg/kg on three consecutive days.   

16.5     Polymer-Based Delivery Systems 

 Polymer-mediated delivery systems, usually called polymeric nanoparticles, are 
solid, biodegradable, colloidal systems which have been widely studied as drug 
vesicles. According to the material used, polymeric nanoparticles are classifi ed into 
two major categories, natural polymers and synthetic polymers. Natural polymers 
for siRNA delivery include cyclodextrin and chitosan [ 86 ]. Of the synthetic poly-
mers, polyethylenimine (PEI), poly(lactide-co-glycolide) (PLGA), and dendrimers 
have been intensively investigated [ 87 ]. 

16.5.1     Cyclodextrin 

 Cyclodextrins are natural polymers generated during the bacterial digestion of cel-
lulose, and they possess defi ned geometric (~70 nm) and cationic structural charac-
teristics that offer advantages for cationic siRNA and miRNA payloads to form 
inclusion complexes. Additionally, each cyclodextrin molecule may contain cova-
lently bound polyethylene glycol (PEG), which acts to stabilize the nanoparticle and 
avoid nonspecifi c interaction with blood and extracellular elements under physio-
logical conditions [ 88 ]. It was fi rst introduced for the delivery of plasmid DNA in 
1999 and later optimized for siRNA delivery. Less than a decade later, cyclodextrin 
polymer (CDP)-based nanoparticles were moved into clinical trials for siRNA 
delivery. The cyclodextrin-containing polycation system was developed for the tar-
geted delivery of siRNA [ 89 ]. This system consists of a cyclodextrin-containing 
polymer, PEG for stability, and human transferrin as the targeting ligand for binding 
to transferrin receptors, which are often overexpressed on cancer cells. This targeted 
nanoparticle system, called CALLA-01, which targets the M2 subunit of ribonucle-
otide reductase (R2) to inhibit tumor growth was developed for the fi rst siRNA 
phase I trial by Calando Pharmaceuticals (Pasadena, CA, USA) [ 90 ]. 

 The β-cyclodextrin-PEI (PEI-CD) carrier was developed for delivery of the 
tumor-suppressor miR-34a mimic to pancreatic cancer cells. The PEI-CD nanopar-
ticles were conjugated with CC9, a specifi c tumor-homing and tumor-penetrating 
bifunctional peptide via its CRGDK motif, which binds to neuropilin-1 (NRP-1) 
[ 91 ]. This delivery system could greatly upregulate the miR-34a level in the PANC-1 
cell line and substantially inhibit the target gene expressions such as E2F3, Bcl-2, 
c-myc, and cyclin D1, inducing cell cycle arrest and apoptosis and suppressing 
migration. More importantly, the in vivo evaluation of the antitumor activity 
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 indicated that the delivery of miR-34a signifi cantly inhibited tumor growth and 
induced cancer cell apoptosis [ 92 ].  

16.5.2     Polyethylenimine (PEI) 

 PEI, a commonly used cationic polymeric drug carrier with high transfection effi -
ciency, has been widely investigated for siRNA and miRNA delivery. PEI’s high 
charge density enables the formation of small and compact structures with nucleic 
acid delivery, facilitating endosomal escape via the proton sponge effect. The PEI–
siRNA/miRNA complexes protect siRNA/miRNA from nuclease degradation, 
resulting in prolonged half-life. In addition, complete encapsulation of siRNA/
miRNA prevents off-target effects such as immune activation by a Toll-like receptor- 
dependent mechanism. Polyethylenimine (PEI) has been used successfully for 
nucleic acid delivery under both in vitro and in vivo conditions. Urban–Klein et al. 
have showed that the noncovalent complexation of synthetic siRNAs with low 
molecular weight PEI effi ciently stabilizes siRNAs and delivers siRNAs into cells 
where they display full bioactivity at completely nontoxic concentrations. More 
importantly, in a subcutaneous mouse tumor model, the systemic (intraperitoneal, 
 i.p. ) administration of complexed, but not of naked, siRNAs leads to the delivery of 
intact siRNAs into the tumors [ 93 ]. High molecular weight PEIs provide high trans-
fection effi ciency but also have high toxicity, while low molecular weight PEIs are 
more biocompatible and are much less effi cient. A type of micelle-like nanoparticle 
(MNP) has been reported that is based on the combination of a covalent conjugate 
between a phospholipid and low molecular weight PEI (1.8 kDa) with PEG- 
stabilized liposomes as the outer layers [ 94 ]. MNPs have been shown to have the 
capacity for siRNA delivery and gene silencing with improved biocompatibility 
properties. The MNP delivery system was further utilized in silencing P-gp to over-
come doxorubicin resistance in MCF-7 human breast cancer cells. The presence of 
P-gp on the surface of resistant cells decreased after treating cells with MNP-loaded 
siRNAs targeting MDR-1, which effectively inhibited the drug effl ux activity [ 94 ]. 
PEI has also been used to construct ligand-targeted, sterically stabilized nanoparti-
cles for systemic siRNA delivery. The PEGylated nanoparticles were conjugated 
with an Arg–Gly–Asp peptide ligand attached at the distal end of PEG to target 
integrin-expressing tumor neovasculature. The resulting nanoparticles, upon intra-
venous administration to tumor-bearing mice, successfully delivered siRNAs in a 
tumor-selective manner, inhibited vascular endothelial growth factor (VEGF) 
receptor- 2 expression, inhibited tumor angiogenesis, and slowed tumor growth [ 95 ]. 

 Polyethylenimine has also been utilized for the delivery of miRNAs. Using a 
polyurethane–short-branch polyethylenimine (PU–PEI) as a carrier, miR-145 was 
delivered to treat cancer stem cell (CSC)-derived lung adenocarcinoma (LAC). The 
LAC–CSC xenograft tumors did not respond to the combination of ionizing radia-
tion (IR) and cisplatin during the 30-day experimental course. However, PU–PEI- 
bound miR-145 delivery moderately reduced tumor growth. Most importantly, the 
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miR-145 delivery combined with IR and cisplatin led to signifi cant tumor growth 
inhibition [ 96 ]. When administered to orthotopic CSC-derived glioblastoma tumors, 
intracranially delivered PU–PEI-miR-145 signifi cantly suppressed tumorigenesis. 
When used in combination with radiotherapy and temozolomide, synergistic effects 
and improved survival rates were achieved [ 97 ]. The signifi cant inhibitory effect of 
PU–PEI-miR-145 on lung adenocarcinoma and glioblastoma CSC-induced tumors 
demonstrated the potential of miRNA therapy in overcoming tumor chemoradiore-
sistance, preventing cancer relapse and achieving cancer eradication. Beyond tradi-
tional delivery approaches, PEI-based systems have been modifi ed for transport 
across the blood–brain barrier (BBB). The BBB is the most signifi cant physiologic 
obstruction of systemic drug or gene delivery to the brain parenchyma and central 
nervous system (CNS) [ 98 ]. Using a short peptide derived from rabies virus glyco-
protein (RVG), the PEI–RVG bound specifi cally to nicotinic acetylcholine receptors 
on neuronal cells. RVG was coupled to PEI  via  disulfi de bonds (RVG–SSPEI) to 
deliver miR-124a, a neuron-specifi c miRNA that could potentially promote neuro-
genesis [ 99 ,  100 ]. To overcome the size limitation of PEI vector transport across the 
BBB, mannitol was used to permeabilize the BBB. After administration, a much 
higher accumulation of miR-124a in the brain was observed in the RVG-mediated 
SSPEI delivery group compared to that in the miR-124a/SSPEI group as determined 
by tracking the Cy5.5-labeled miR-124a. However, the functional activities of miR- 
124a in promoting neurogenesis were not tested. The modifi cation of PEI using 
RVG decreased the toxicity associated with PEI and achieved remarkable targeted 
delivery to neuronal cells. The RVG–SSPEI could be a useful system to deliver 
miRNA therapeutics for the treatment of brain diseases. Although this system did 
show greater accumulation in the brain, the use of permeabilizing agents limits the 
utility. The combination of delivery strategies that improve the activity of the 
miRNA has great potential. However, the complexity of the systems at times can 
counterbalance the improvements [ 92 ].  

16.5.3     Poly(lactide-co-glycolide) (PLGA) 

 Poly(D,L-lactide) (PLA) and poly(lactide-co-glycolide) (PLGA) have also demon-
strated the potential for sustained nucleic acid delivery. The advantages of PLGA- 
or PLA-based siRNA delivery include high stability, facile cellular uptake by 
endocytosis, ability to target specifi c tissues or organs by adsorption or ligand bind-
ing, biodegradability, low toxicity, sustained release characteristics, and multiple 
surface modifi cations [ 101 ,  102 ]. In 2009, Saltzman and coworkers reported that 
PLGA nanoparticles could be densely loaded with siRNA in the presence of sper-
midine and, when applied topically to the vaginal mucosa, led to effi cient and sus-
tained gene silencing [ 103 ]. Yang et al. reported a cationic lipid-assisted polymeric 
nanoparticle system with a stealthy property for effi cient siRNA encapsulation and 
delivery, which was fabricated with poly(ethylene glycol)-b-poly(D,L-lactide), 
siRNA, and a cationic lipid, using a double emulsion-solvent evaporation technique. 
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By incorporation of the cationic lipid, the encapsulation effi ciency of siRNA into 
the nanoparticles was greater than 90 %. Systemic delivery of specifi c siRNA by 
nanoparticles signifi cantly inhibited luciferase expression in an orthotopic murine 
liver cancer model and suppressed tumor growth in an MDA-MB-435s murine 
xenograft model, suggesting its therapeutic promise in disease treatment [ 104 ]. 
Using the same cationic lipid-assisted polymeric nanoparticle system, GATA2 
siRNA was delivered to non-small cell lung cancer (NSCLC) harboring oncogenic 
KRAS mutations and successfully inhibited tumor growth in a mouse model [ 105 ]. 

 Using a miR-155 Cre-lox P  tetracycline-controlled knockin mouse model, pre-B- 
cell tumors were dependent on high miR-155 expression where withdrawal of miR- 
155 using doxycycline caused rapid tumor regression. Systemic delivery of 
anti-miR-155 peptide nucleic acids (PNAs) using PLGA polymeric nanoparticles 
exhibited enhanced delivery effi ciency and achieved therapeutic effects. The sur-
face of the nanoparticles was modifi ed with penetratin, a cell-penetrating peptide 
[ 6 ]. The pre-B-cell tumors had an approximately 50 % decrease in growth relative 
to control-treated tumors after systemic delivery of 1.5 mg/kg anti-miR-155 PNAs 
loaded in ANTP–NP for 5 days, which was approximately 25-fold less than the 
naked anti-miR dosage needed. There was a need, in this case, to protect the PLGA 
particle using steric stabilization (i.e., PEGylation) and also add a cell penetration 
enhancer. PLGA particles were typically nonspecifi cally cleared, and the PEGylation 
diminished the ability of the particles to enter cells. This type of particle is readily 
adaptable, but still does not have signifi cantly more than 5 % accumulation in the 
diseased organ due to passive accumulation. Important to the future development of 
miRNAs is the assertion by the authors that RNA degradation occurs in or around 
the endosomal and lysosomal compartments [ 106 ,  107 ]. If this proves true, much of 
the design criteria for miRNAs will be altered. The fact that Ago2 resides in the 
membrane of the endolysosomal compartment can explain the better performance 
of NP170-PFCE formulation [ 108 ]. The future development of miRNA (and pos-
sibly siRNA) will rely on the rational design of systems that take advantage of the 
complex biology of the disease and molecule being delivered.  

16.5.4     Dendrimers 

 Dendrimers are synthetic, highly branched monodisperse and usually highly sym-
metric, spherical macromolecules with three-dimensional nanometric structures. 
The unique structural features such as tunable structure and molecular size, large 
number of accessible terminal functional groups, and ability to encapsulate cargos 
add to their potential as drug carriers [ 109 ]. Polycationic dendrimers such as 
poly(amidoamine) (PAMAM) and poly(propylenimine) (PPI) dendrimers have 
been studied for siRNA delivery in recent years. PAMAM dendrimers have become 
the most used dendrimer-based carriers for gene delivery because of the ease of 
synthesis and commercial availability. Rossi JJ’s group has reported on the genera-
tion 5 (G5) dendrimer for functional delivery of siRNAs that inhibit HIV infection 
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and replication by targeting HIV genes  tat  and  rev  and host dependency factors CD4 
and transportin-3 (TNPO3). The G5 dendrimer–siRNA complexes demonstrated 
effective inhibition of HIV-1 replication in T lymphocytes in vitro and in a human-
ized mouse model [ 110 ]. However, PAMAMs were demonstrated to be cytotoxic, 
predominately related to apoptosis mediated by mitochondrial dysfunction [ 111 ]. 
Cytotoxicity could be reduced by various modifi cations without compromising 
gene silencing. Surface-modifi ed and cationic PAMAM dendrimers showed very 
low cytotoxicity, even at high concentrations and effi ciently penetrated cancer cells 
in vitro and in vivo [ 112 – 114 ]. PPI dendrimers were also used to formulate siRNA 
nanoparticles, and these nanoparticles showed effi cient gene silencing [ 115 ]. 
Dendrimer-conjugated magnetofl uorescent nanoworms (dendriworms) were devel-
oped to achieve siRNA delivery in a transgenic murine model of glioblastoma [ 116 ]. 
Dendriworms were well tolerated after 7 days of convection-enhanced delivery to 
the mouse brain, and in an EGFR-driven transgenic model of glioblastoma, anti- 
EGFR dendriworms led to specifi c and signifi cant suppression of EGFR expression. 
For targeted delivery, dendrimers could be easily conjugated with one or multiple 
targeting ligands. For example, the 9-mer luteinizing hormone-releasing hormone 
(LHRH) peptide was conjugated to PAMAM dendrimers, whose internal amino 
group was quaternalized for siRNA loading [ 117 ]. The cellular uptake was observed 
to be dependent on the targeting peptide. Similarly, a 53-mer epidermal growth fac-
tor (EGF) peptide was grafted with generation 4 (G4) PAMAM dendrimers for 
siRNA delivery [ 118 ]. Few applications of miRNA delivery with dendrimers have 
been reported. Co-delivery of anti-miR-21 and 5-fl uorouracil (5-FU) to U251 glio-
blastoma cells using poly(amidoamine) (PAMAM) dendrimer increased apoptosis 
of U251 cells markedly. Migration of tumor cells was decreased compared with 
cells that were only treated with 5-FU [ 119 ]. Although not in vivo, this suggests that 
dendrimers may be amenable for in vivo miRNA delivery. Dendrimers are capable 
of binding miRNAs and aiding in the entry into cells. However, the entry is nonspe-
cifi c in nature. This alternate mechanism of cell entry should not be overlooked due 
to the potential to protect miRNAs by avoiding the endosomal and lysosomal com-
partments [ 120 ].   

16.6     Summary 

 In this chapter, the therapeutic potentials and delivery strategies of noncoding RNAs 
have been introduced. The main challenges facing ncRNA-based cancer therapeu-
tics, including off-target effects, immunogenicity, and the most diffi cult delivery 
barriers, have been described in detail. Rational design, chemical modifi cation, and 
nanoparticle delivery carriers offer signifi cant opportunities to overcome these chal-
lenges. Multiple approaches to the delivery of ncRNAs as therapeutic molecules for 
cancer treatment and ncRNA-based clinical trials are systemically summarized. 
Improvements in delivery strategies hold great potential to make the translational 
process of ncRNA-based drugs faster and more effective for cancer clinical 
applications.     
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