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Abstract The mammalian genome is transcribed in a

developmentally regulated manner, generating RNA

strands ranging from long to short non-coding RNA (ncR-

NAs). NcRNAs generated by intergenic sequences and

protein-coding loci, represent up to 98 % of the human

transcriptome. Non-coding transcripts comprise short ncR-

NAs such as microRNAs, piwi-interacting RNAs, small

nucleolar RNAs and long intergenic RNAs, most of which

exercise a strictly controlled negative regulation of

expression of protein-coding genes. In humans, the DLK1-

DIO3 genomic region, located on human chromosome 14

(14q32) contains the paternally expressed imprinted genes

DLK1, RTL1, and DIO3 and the maternally expressed

imprinted genes MEG3 (Gtl2), MEG8 (RIAN), and anti-

sense RTL1 (asRTL1). This region hosts, in addition to two

long intergenic RNAs, the MEG3 and MEG8, one of the

largest microRNA clusters in the genome, with 53 miRNAs

in the forward strand and one (mir-1247) in the reverse

strand. Many of these miRNAs are differentially expressed

in several pathologic processes and various cancers. A

better understanding of the pathophysiologic importance of

the DLK1-DIO3 domain-containing microRNA cluster may

contribute to innovative therapeutic strategies in a range of

diseases. Here we present an in-depth review of this vital

genomic region, and examine the role the microRNAs of

this region may play in controlling tissue homeostasis and

in the pathogenesis of some human diseases, mostly cancer,

when aberrantly expressed. The potential clinical implica-

tions of this data are also discussed.
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Introduction

The mammalian genome is transcribed in a developmen-

tally regulated manner, generating RNA transcripts ranging

from long to short non-coding RNA (ncRNAs). NcRNAs

represent up to 98 % of the human transcriptome and can

be considered as a molecular marker in the evolution of

complex organisms, since there is an association between

organism complexity and non-coding transcripts [1].

Additionally, recent work has implicated ncRNAs in many

aspects of gene regulation and various cellular processes

[2]. The ncRNAs can be generated by both intergenic

sequences and protein-coding loci [3] and are arbitrarily

subdivided in long ncRNAs (lncRNAs) (longer than 200

nucleotides) and short ncRNAs (\200 nucleotides long).
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Short non-coding RNAs include microRNAs (miRNAs),

piwi-interacting RNAs (piRNAs), small nucleolar RNAs

(snoRNAs) and other categories [4]. Short ncRNAs

are involved in the regulation of protein biosynthesis,

removal of intronic sequences, telomere synthesis, tran-

scription control and posttranscriptional gene silencing [5].

SnoRNAs are highly conserved, intermediate-sized RNAs

(60–300 nucleotides long) that are predominantly found in

the nucleus [6]. Two major classes of snoRNAs have been

identified, each possessing distinctive, evolutionary con-

served sequence elements: the C/D box group and the

H/ACA box group. SnoRNAs are components of the small

nucleolar ribonucleoproteins (snoRNPs) and are involved

in the post-transcriptional modification of rRNAs and some

spliceosomal RNAs [7]. A large number of lncRNAs have

also been identified and constitute the largest portion of the

mammalian non-coding transcriptome. The biological role

of lncRNAs as a class remains largely elusive, however

several of them have been shown to be involved in the

regulation of the epigenetic machinery by recruiting DNA

methyltransferases, histone modifying enzymes, and chro-

matin remodeling complexes to their sites of action in

specific cells at specific stages of differentiation [8].

LncRNAs are also involved in genomic imprinting [9].

Long intergenic RNAs (lincRNAs), and others with

enhancer-like functions were described only recently

[10, 11]. LincRNAs are transcripts that have been gener-

ated from intergenic regions with a specific chromatin

signature. This signature consists of a short stretch of

trimethylation of histone protein H3 at the lysine in posi-

tion 4 (H3K4me3), which corresponds to promoter regions,

followed by a longer stretch of trimethylation of histone H3

at the lysine in position 36 (H3K36me3), which covers the

entire transcribed region, also known as ‘‘K4–K36 signa-

ture’’ [10]. In primary and metastatic tumors, lincRMAs

have been found to be differentially expressed, and this

aberrant expression was also found to be a powerful pre-

dictor of disease outcome [12, 13]. LncRNAs overlapping

or antisense to protein-coding gene promoters may also

control the expression of their cognate protein-coding

genes through epigenetic modifications contributing to

carcinogenesis [2]. NcRNAs can function either in cis or in

trans. Trans-acting function of ncRNAs is associated with

both lincRNAs and short ncRNAs, while cis-acting func-

tions are associated with long ncRNAs. In fact, the

majority of imprinted lncRNAs serve as host transcripts for

trans-acting microRNAs (miRNAs) [9, 14].

microRNA biology

MiRNAs are the best-studied class of ncRNAs. MiRNAs

are single-stranded RNAs of approximately 22 nucleotides

long that act as gene regulators at a post-transcription level.

As part of a protein-to-RNA complex known as RISC or

miRNP, they provide sequence specificity and by pairing

with their target mRNAs anywhere along the length com-

monly but not only in the 30untranslated region leading

mainly to translational repression [15]. Occasionally some

miRNAs, such as miR369-3 can also activate translation of

target mRNAs on cell cycle arrest [16]. While miRNAs’

loci are predominantly found in non-coding and intronic

regions of the genome, recent work has identified miRNAs

encoded from within protein-coding exons [17]. Addi-

tionally, miRNAs are sometimes arranged as clusters with

the multiple members of the cluster being transcribed

simultaneously [18]. MiRNAs’ biogenesis is a multistep

process involving a complex circuit of proteins; the bio-

genesis typically requires the enzymes Drosha, DGCR8

and Dicer, although recently alternative pathways have also

been described [19, 20].

MiRNAs have been shown to regulate complex cell

signaling networks [21] in the context of different diseases

including cancers [22, 23]. A widespread down-regulation

of miRNAs is generally observed in human neoplasias

[24]. On a related note, many miRNAs are located in

cancer-associated genomic regions or in regions of chro-

mosomal instability that are frequently affected in human

cancer, suggesting potential roles in the onset and pro-

gression of cancer [25]. Deregulated miRNAs expression

profiles have been observed in both solid and blood cancers

[26–31] and can distinguish among human cancers

according to the developmental lineage and differentiation

status of the cancer [32].

The DLK1-DIO3 genomic region

DLK1 and MEG3 (Gtl2 in mouse) are imprinted genes

located on mouse chromosome 12 and on human chro-

mosome 14 (Fig. 1), which are paternally and maternally

expressed, respectively [33]. In humans, the DLK1-DIO3

genomic region contains the paternally expressed genes

DLK1, RTL1, and DIO3, and, the maternally expressed

genes MEG3 (Gtl2), MEG8 (RIAN), and antisense RTL1

(RTL1as) [34].

This region has undergone important changes during the

course of evolution, the most important being the acquisi-

tion of the Imprinting Control Region (ICR). In the process,

the genes of this region have acquired their own distinct and

important functions. For example, RTL1 has evolved into a

new gene with important functions in growth and devel-

opment, while miRNAs and snoRNAs also evolved in this

specific region. Finally, the intron size of DLK1 was

reduced and the entire imprinted cluster gained a sub-telo-

meric chromosomal position in eutherians [35]. Two

distinct, differentially methylated regions (DMR) are
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present in the region and have separate functional proper-

ties: a primary, germline-derived DLK1-MEG3 intergenic

DMR (IG-DMR) and a secondary, post-fertilization-derived

MEG3-DMR. Both DMRs are hyper-methylated after

paternal transmission and hypo-methylated after maternal

transmission in somatic cells. Functionally, IG-DMR seems

to at the top of the hierarchy and controls the methylation

pattern of the imprinting regulator of both paternally and

maternally expressed genes, i.e., of the secondary MEG3-

DMR on the maternally transmitted chromosome [36] (see

also Fig. 1). Both MEG3 and MEG8 are lincRNAs.

DLK1 is a member of the Notch signaling pathway and

is involved in cell differentiation of several tissues [37].

RTL1 is on the opposite strand from DLK1 and is a ret-

rotransposon-like gene. RTL1 is essential for the normal

development of placental and embryonic tissues whereas

DIO3 encodes a type 3-iodothyronine deiodinase protect-

ing developing tissues from excessive amounts of thyroid

hormone [37].

This region also hosts 53 miRNAs (forward strand) and

one more (mir-1247) on the reverse strand. This cluster of

54 miRNAs is the largest one currently known in the human

genome (Fig. 1; Table 1). MiR-2392 and miR-770 are in

the DLK1-MEG3 region whereas the rest of the miRNAs

are located downstream of MEG3 (Fig. 1; Table 1). The

region downstream of MEG3 also includes many snoRNAs,

and in particular one, nine, and 31 paralogous copies of

SNORD112 [14q(0)], SNORD113 [14q(I)] and SNORD114

[14q(II)], respectively. In addition to MEG3 and MEG8,

nine more lincs are found in the DLK1-DIO3 locus, six

of which are on the forward strand (AL132709.5,

AL132709.7, AL132709.8, CTD-2561F5.1, RP11-168L7.3,

RP11-909M7.2) and three on the reverse strand (RP11-

168L7.1, AL132709.1 and DIO3OS). A pseudogene,

RP11-8L8.1 and a spliceosomal small nuclear RNA, U3

also lie in the reverse strand of DLK1-DIO3 locus

(ENSEMBL release 67).

MEG3 is currently the most studied transcript of the

region, however its function remains poorly understood. It

is believed to be involved in both physiological and path-

ological processes of cell biology, to possess tumor

suppressor properties [38], and to exert anti-proliferative

function through interactions with p53 and MDM2, and

also by regulating directly or indirectly the phosphorylation

of Rb [39]. MEG3 also interacts with crucial signaling

pathways involved in angiogenesis, cell proliferation and

differentiation, survival regulation, and has been found

deregulated in several types of tumors [39].

Recent studies in knock-out mice attempted to delineate

the function of some of the components of DLK1-DIO3

region. Takahashi et al. [40] produced Gtl2-KO mutants

harboring a deletion of exons 1–5 including Gtl2-DMR in

an effort to gain a better understanding of the function of

maternally expressed ncRNAs in this domain. They

observed that the deletion of the Gtl2 imprinted ncRNA

with its DMR induced parental origin-dependent lethality

in these mutants. Zhou et al. [41] also generated a knockout

mouse model, in which the first five exons and adjacent

DLK1 MEG3

101.2 Mb 101.3 Mb 101.4 Mb 101.5 Mb 101.6 Mb 101.7 Mb 101.8 Mb 101.9 Mb 102 Mb

aRTL1

MEG8
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RTL1mir-2392
mir-770

SNORD112

mir-431,mir-433, 127, mir 432, mir-136 

Forward strand
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mir-370
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SNORD114 1-31

mir-379, mir-411, mir-299, mir-380, mir-1197, mir-323a, mir-758, 
mir329-1, mir-329-2, mir-494, mir-1193, mir-543, mir-495, mir-376c, 
mir-376a-2, mir-654, mir-376b, mir-376a-1, mir-300

mir-1185-1, mir-1185-2, mir-381, mir-487b, mir-539, mir-889, mir-544a, 

mir-655, mir-487a, mir-382, mir-134, mir-668, mir323b, mir-154, 

mir-496, mir-377, mir 541, mir-409, mir-412, mir-369, mir-410, mir-656 

mir-1247
RP11-8L8.1
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Fig. 1 Schematic representation of the DLK1-DIO3 genomic region in the parental and maternal chromosomes. Genes, miRNAs, snoRNAs,

lincRNAs, and pseudogenes are noted
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promoter region of the Gtl2 gene were deleted. In this

study, maternal deletion of Gtl2 resulted in perinatal death

and skeletal muscle defects, completely abolished expres-

sion of downstream maternally expressed genes, activated

expression of silenced paternally expressed genes and

resulted in the methylation of the IG-DMR. By contrast,

the paternally inherited deletion did not demonstrate such

an effect. Such findings indicate that Gtl2 plays an

important role in embryonic development and in regulating

Dlk1-Gtl2 imprinting [41]. Gordon et al. [42] used Meg3

knockout mice in order to identify targets and potential

functions of this gene in embryonic development and

tumorigenesis. They observed differences in signaling

pathways and ontologies related to angiogenesis between

wild-type and knock-out embryos. In addition, MEG3-null

embryos were shown to have increased expression of

vascular endothelial growth factor (VEGF) pathway genes

and increased cortical microvessel density, suggesting

important roles for Meg3 in vascularization in the brain and

in tumor suppression partly through angiogenesis inhibition

[42].

The degree of activation of the DLK1-DIO3 region has

also been found to correlate with pluripotency levels of

mouse stem cells. It has been found activated in fully

pluripotent mouse stem cells and repressed in partially

pluripotent cells. Additionally, several miRNAs from this

cluster potentially target components of the Polycomb

repressive complex 2 (PRC2) and therefore may form a

feedback regulatory loop resulting in the expression of all

genes and non-coding RNAs encoded by this region in full

pluripotent stem cells [43].

It has been demonstrated that MEG3 is under-expressed

in hepatocellular carcinoma cells compared to normal

hepatocytes or adjacent cirrhotic tissue, due to altered DNA

methylation, which is consistently found in several types of

cancer [39, 44]. Transfection of miR-134, which was one

of the significantly downregulated miRNAs, resulted in cell

cycle arrest in the human pituitary-derived cell line

(PDFS). Below, we examine the function of these miRNAs

in disease etiology and possible implications as a result of

their proximity to the imprinted MEG3 lncRNA.

DLK1-DIO3 clustered microRNAs biology

and involvement in disease pathogenesis

The clustered miRNAs of the DLK1-DIO3 genomic region

As already mentioned, the DLK1-DIO3 genomic region

contains 54 miRNAs and represents one of the largest

miRNA-containing clusters of the human genome. In

mouse, some of these miRNAs are expressed as products of

a large non-coding transcript named Mirg [45, 46]. Hagan

et al. [47] have reported the presence of at least ten genes inT
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the Dlk1-Meg3 mouse imprinted domain and cloned for the

first time a novel RNA named Irm (Imprinted RNA near

Meg3); Irm partially overlaps Rian (the mouse homologue

of Meg8), raising questions about the in vivo existence of

Rian based on their results [47].

MiR-127 and miR-433, which belong to the same cluster,

are transcribed from independent promoters in overlapping

genomic regions in a 50 ? 30 direction [48], and are under a

common transcriptional regulatory mechanism among dif-

ferent mammalian species depending on the transcription

factors nuclear estrogen-related receptor gamma (ERRc)

and small heterodimer partner (SHP) [49, 50]. As both

miRNAs possess a conserved gene structure, it seems that

the miR-433/127 loci might have evolved from an ancient

common origin in mammals and are now transcribed from

two separate promoters among species.

Biology and functions of the DLK1-DIO3 region miRNAs

Collective data suggest that the miR-127/136 cluster has a

potential role in the silencing of the Rtl gene. Seitz et al.

[51] originally showed that miR-127 and miR-136 display

perfect complementarities with the Rtl mRNA [51]; sub-

sequently, it was shown that silencing of the miR-127/136

cluster correlated with an increase in the expression of

Rtl1. Moreover, in knock-out mice lacking expression of

miR-127/136, an increased expression of Rtl1 was noted

[52]. Study of the expression levels of miR-127 and miR-

136 in fertilized mouse embryos, parthenotes, androge-

notes, and cloned embryos developing in vitro, showed the

two miRNAs to be highly expressed in parthenotes, but

rarely in androgenotes. The Rtl1 promoter region was

hyper-methylated in blastocyst stage parthenotes and its

methylation decreased during development. Conversely,

the promoter region of miR-127 was hypo-methylated in

parthenogenetically activated embryos but heavily meth-

ylated in cloned blastocysts, suggesting a role for miR-127

and miR-136 in the epigenetic reprogramming of the Rtl1

imprinting process [53]. Moreover, Seitz et al. [51] sug-

gested that miR-136 also acts as a small interfering RNA

silencing Rtl1 expression in a mouse model.

MiR-134 is specifically expressed in the brain and

controls dendritic spine formation in vitro. It also regulates

the expression of CREB through a post-transcriptional

mechanism and thus is linked to synaptic plasticity. MiR-

134 over-expression in specific brain areas of mutant mice

contributed to the impaired long-term memory formation in

the contextual fear-conditioning paradigm, negatively

regulating synaptic plasticity through translational inhibi-

tion of target genes such as CREB in mice [54]. MiR-134

also acts through inhibition of the translation of Lim-

domain-containing-protein-kinase 1 (Limk1) responsible

for spine development, thus indicating miRNA are

important players in the maturation process of the mam-

malian brain [55]. MiR-134 expression increased in mouse

embryonic stem cells (mESC) after treatment with retinoic

acid. It also significantly reduced the promoter activity of

LRH1, Sox2, Oct4, and Nanog promoters, which are

known essential transcription factors for the maintenance

and differentiation of embryonic stem cells status, acting at

a post-transcription control level [15, 56]. MiR-134 could

modulate mESC differentiation irrespectively of Oct4 and

Nanog, and together with miR-470 could regulate pluri-

potency, self-renewal, and differentiation of stem cells

[15, 56].

MiR-495 was the only miRNA that presented a similar

expression in prefrontal and parietal cortex and exhibited

laminar specificity in human prefrontal cortex [57]. MiR-

541 over-expression negatively affected cell proliferation

and differentiation, neurite outgrowth, synapse formation

and modulated expression levels of the target mRNA

synapsin I, conferring a role in neurocyte differentiation

and axon maintenance [58]. Fiore et al. [59] demonstrated

that the entire miR-379/410 cluster is most likely tran-

scribed as single polycistronic unit, and is co-regulated

by neuronal activity in a Mef 2-dependent manner. In

particular, miR-329, miR-381, and miR-134 promoted

dendritogenesis and dendritic growth in hippocampal

neurons by down-regulating the RNA-binding protein

Pum2 [59]. MiR-495 expression was also observed in

embryonic liver and pancreas cells where it represses the

expression of the HNF-6/Onecut transcription factor, sug-

gesting a role in liver and pancreas development [60].

MiR-494 behaves as a pro-apoptotic post-transcriptional

nucleolin regulator, thus probably possessing tumor sup-

pressor properties, and competes with the RNA-binding

protein HuR involved in nucleolin expression, therefore

modulating cell proliferation and survival [61].

A subset of the miRNAs located in the DLK1-DIO3

genomic region, including miR-134, miR-154, miR-299,

miR-323, miR-337, miR-370, and miR-376c, have been

shown to be differentially expressed during human and

mouse lung development [62]. MiRNAs of this particular

domain are also involved in erythropoiesis [63]. In CD34?

cells derived from umbilical cord blood, miR-127,

miR-136, miR-154, and miR-379 exhibited deregulated

expression throughout erythropoiesis showing lineage

commitment [63]. MiR-376a negatively modulated early

human erythropoiesis in the K562 cell line with the ability

to erythroid differentiation [64]. Enforced expression of

miR-376a suppressed the hemin-induced erythropoiesis by

repressing the erythroid differentiation of CD34? stem/

progenitor cells, while inhibition of the aforementioned

miRNA promoted erythroid differentiation [64]. Lastly,

miR-376a over-expression also negatively regulated Arg-

onaute 2 (Ago2) and cyclin-dependent kinase (CDK) 2,

The microRNAs within the DLK1-DIO3 genomic region 805
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two factors known to affect erythropoiesis, and to result in

the arrest of erythroid differentiation [64]. MiR-377 in

combination with miR-217 are involved in the regulation

of the expression of the heme oxygenase-1 enzyme, which

metabolizes the excess heme generated during hemolysis

[65].

DLK1-DIO3 region miRNAs in disease pathogenesis

In vitro Teferedegne et al. [66], using microarray-

expression and qRT-PCR assays, found that increases in

the expression of miR-376a, miR-543, miR-654-3p, miR-

382 correlated with the acquisition of tumorigenic pheno-

types in cell lines of non-human primates. In another in

vitro study, it was found that the overexpressed p16ink4a

down-regulated CDK1 through modulation of miR-410

expression [67]. It also seems that miR-410 expression is

under the negative control of the E2F4 transcription factor,

and its expression may increase in response to p16ink4a

overexpression and consequent inhibition of the Rb/E2F

pathway [67].

In recent animal model studies, it was reported that

miRNAs jointly with KIT and the microphthalmia-asso-

ciated transcription factor (MITF) comprise a novel

regulatory pathway in mast cell transformation [68]. Among

the miRNAs whose expression is repressed by KIT activa-

tion are miR-134, miR-539, and miR-381. Also, retroviral

expression of miR-539 and miR-381 resulted in decreased

expression of MITF, suggesting that KIT indirectly modu-

lates MITF protein levels through regulation of these

particular miRNAs [68].

MiR-485-3p was significantly under-expressed in the

human lymphoblastic leukemia teniposide-resistant cell

line compared to the sensitive counterpart. Decreased miR-

485-3p expression inversely correlated to the NF-Y tran-

scription factor increased expression, which in turn was

accompanied by down-regulation of DNA topoisomerase

IIa [69]. In cholangiocarcinoma cell lines, miR-370 and

miR-494 were found down-regulated [70, 71].

Blood cancers Li et al. [72], conducted a genome-wide

miRNA expression analysis in 52 acute myeloid leukemia

(AML) samples with common translocations, including

t(8;21)/AML1(RUNX1)-ETO(RUNX1T1), inv(16)/CBFB-

MYH11, t(15;17)/PML-RARA, and MLL rearrangements.

Several miRNAs were differentially expressed and clus-

tered in the various AML subtypes. Among them, miR-382

was found over-expressed almost exclusively in leukemias

harboring the t(15;17) translocation. Moreover miR-382

and miR-376c, along with miR-224, were found to repre-

sent a signature of t(15;17) AML with a very high

diagnostic accuracy, suggesting their involvement in the

pathogenesis of acute promyelocytic leukemia (APL).

Similar findings were also reported by another group who

performed quantitative expression profile analysis of 157

mature miRNAs on 100 AML patients of a whole spectrum

of known karyotypes common in AML [73]. The study

identified a set of miRNAs, all of which located in the

DLK1-MEG3 cluster, to be significantly associated with

APL cases. The set comprised the up-regulated miR-127,

miR-154, miR-370, miR-299, miR-376c and miR-323,

which suggests that miRNAs hosted in the DLK1-MEG3

domain are highly specific for the APL subtype.

Solid cancers Serum miRNA levels have been evaluated

in esophageal squamous cell carcinoma and at least nine

miRNAs of the DLK1-MEG3 cluster (miR-127-3p,

miR-134, miR-154, miR-370, miR-376a, miR-493, miR-

494, miR-432, and miR-665) were found deregulated.

MiR-127-3p was among a panel of seven serum miRNAs

found up-regulated in the blood of patients with esophageal

squamous cell carcinoma (ESCC) and could classify

esophageal squamous cell carcinoma [74]. Several other

miRNAs of the cluster have been implicated in the path-

ogenesis and progression of gastric cancer. In particular,

miR-495, miR-134, miR-409-3p, miR-496, miR-379, miR-

369-3p are linked to the tumor depth of invasion [75],

while miR-376a expression was associated with nodal

metastasis [75]. MiR-494 expression was found to correlate

significantly with both staging variables [75]. Peritoneal

dissemination was also associated with the deregulated

expression of miR-299-5p, miR-409-3p, and miR-410.

Moreover, miR-495, miR-433, and miR-410 predicted both

disease-free survival (DFS) in gastric cancer patients and

overall survival (OS) [75]. Such findings further emphasize

the potential for miRNAs to serve as prognostic markers in

cancer [31, 75].

In a recent study on gastrointestinal stromal tumors

(GIST), Haller et al. [76] profiled miRNA expression for a

relatively small series of GIST samples. They found 32 of

734 studied miRNAs to be differentially expressed

according to localization and mutation status. Over-

expression of miR-376c, miR-376a, miR-370, miR-409-3p,

miR-665, and miR-329 was found to be correlated with the

presence of KIT or PDGFR mutations and also gastric or

intestinal localization. Moreover, decreased expression of

miR-134 and miR-370 was associated with loss of the 14q

chromosomal region. Although the single 14q loss does not

confer shorter DFS in GISTs, it seems that low expression

of miR-370 and miR-134 is associated with tumor pro-

gression and a shorter DFS irrespective of the 14q status

[76].

In colon cancer, miR-154-3p, miR-323, miR-134, miR-

376c, and miR-337 were all down-regulated in colorectal

cancer cell lines and patient samples, probably indicating

specific biological markers for such type of tumors [77].
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On the contrary, miR-134 was not differentially expressed

in the plasma of colorectal cancer patients compared to the

control subjects [78]. MiR-494 had the highest fold change

among over-expressed miRNAs in colorectal cancers

whereas miR-127-3p was significantly over-expressed in

colorectal cancer samples harboring KRAS mutations

compared to wild-type KRAS, known downstream target of

the EGFR signaling pathway [79].

Regarding hepatocellular carcinoma, Luk et al. [80],

using a TRE-c-Met-driven transgenic HCC mouse model

identified a cluster of 23 miRNAs that is encoded within

the Dlk1-Gtl2 imprinted region on chromosome 12qF1

overexpressed in all of the isolated liver tumors. Further to

that, they examined the expression the miRNA cluster of

the DLK1-DIO3 on chromosome 14q32.2, which corre-

sponds to Dlk1-Gtl2 imprinted region in mouse, in a cohort

of 97 hepatitis B virus-associated HCC patients. Interest-

ingly, overexpression of the DLK1-DIO3 miRNA cluster

was positively correlated with HCC stem cell markers

(CD133, CD90, EpCAM, Nestin) and associated with a

high level of serum alpha-fetoprotein, a conventional bio-

marker for liver cancer, and poor survival rate in HCC

patients [80]. The data are also supported by a rat model

study showing that down-regulation of expression of

miR-127 and consequent decreased apoptosis rates resulted

in the formation of hepatocellular carcinoma. The expres-

sion of miR-127 was not restored in methyl re-fed rats,

suggesting a non-methylation-dependent control mecha-

nism, and also correlated with the different stages of rat

hepatocarcinogenesis [81].

Recently, Shih et al. [82] evaluated the prognostic value

of 470 miRNAs in advanced serous ovarian cancer. They

found 29 miRNAs that were associated with disease out-

come. Interestingly, 11 of the 29 miRNAs were located in

the DLK1-MEG3 cluster, and included miR-433, miR-337,

miR-127, miR-410, miR-381, miR-377, miR-299-3p,

miR-409-3p, miR-154, miR-382, and miR-376b. Among

them, three miRNAs (miR-337, miR-410, and miR-645)

were negatively associated with overall survival. In another

study, overexpression of miR-376c in ovarian cancer

cells was found to block cisplatin-induced cell death:

patients with serous ovarian cancer who responded well to

chemotherapy had low miR-376c expression whereas

chemotherapy resistant patients had high levels of

miR-376c [83]. The investigators suggested that miR-376c

enhances proliferation, survival, and chemoresistance by

targeting, at least in part, activin receptor-like kinase 7

(ALK7) [83].

MiR-370, miR-369-5p, miR-154, mir-376a, and miR-

134 were all up-regulated in the sarcomatous component of

endometrial carcinosarcomas compared to the epithelial

component, and could represent a potential miRNAs

signature, for distinguishing epithelial-to-mesenchymal

transdifferentiation in this type of tumor [84]. In invasive

cervical cancer, miR-127 and miR-134 were found sig-

nificantly over-expressed compared with normal samples

and miR-127 was significantly associated with lymph node

metastasis making it a good candidate as a prognostic

biomarker [85]. Zhang et al. [86] also showed that down-

regulation of the chromosome 14 miRNA cluster is an

event common to many human epithelial tumors and sug-

gested that eight miRNAs (mir-337, mir-432, mir-495, mir-

368, mir-376a, mir-376b, mir-377, and mir-419) located in

DLK1-DIO3 domain could play a role as tumor suppressor

genes in solid tumors.

MiRNAs clustered in the DLK1-DIO3 locus are also

involved in central nervous system diseases [87]. MiR-381

has been found to play a major role in human glioma

progression through suppression of the tumor suppressor

LRRC4, which is associated with decreased inhibition of

MEK/ERK and AKT signaling [88]. MiR-380-5p has been

found to be developmentally restricted, characteristic of

undifferentiated cells, also expressed through neuronal

specification, and possess oncogenic properties in vivo

through interaction with H-RAS, p53, and p21waf1 [89].

Inhibition of miR-380-5p in embryonic stem cells leads to

up-regulation of p53 enhancing apoptosis whereas ectopic

expression of the specific miRNA results in direct trans-

lation suppression of p53. MiR-380-5p expression was high

in primary human neuroblastoma tumors, suppressed p53

expression, and predicted a poor outcome [89]. By high-

throughput sequencing, nine miRNAs were found down-

regulated in glioblastomas compared to normal brain

tissues and included miR-495, miR-543, miR-770-5p,

miR-379, miR-487b, miR-889, miR-382, miR-136, and

miR-411-3p [90]. On the contrary, no miRNAs of the

specific cluster were found up-regulated. Again, some of

these miRNAs demonstrated 50-end structural modifica-

tions reflecting fluctuations in strand dominance and likely

processing variations [90]. Recently, differential expres-

sion of a set of 17 miRNAs was found to discriminate high-

risk from low-risk neuroblastoma [91]. Notably, a total of

15 of the 17 miRNAs belonged to the imprinted human

14q32.31 miRNA cluster and two, miR-487b and miR-410,

were significantly down-regulated in the high-risk group.

Multivariate analysis showed that expression of miR-487b

and miR-410 carried a predictive value beyond the classi-

cal high-/low-risk stratification and therefore could be a

potential biomarker of relapse in favorable neuroblastoma

[91]. The silencing of 18 genes, including 13 miRNAs at

the DLK1-MEG3 locus has also been reported in human

clinically non-functioning pituitary adenomas [92].

In human bronchial epithelial cell lines, mir-494 was

shown to target and regulate PTEN. Overexpression of

miR-494 led to a decreased expression of PTEN resulting

in attenuated apoptosis, and also directly promoted colony
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formation acting as an oncomir [93]. Similarly, over-

expressed levels of miR-494 were observed in primary

murine bronchial epithelial cells exposed to the carcinogen

benzo[a]pyrene, and resulted in G1 arrest of the cell cycle

[94].

Guo et al. [95] evaluated the expression of 856 miRNAs

and approximately 22,000 genes using miRNA microarray

and cDNA microarray in sensitive (NCI-H69) and resistant

to chemotherapy cell lines (NCI-H69AR) of small cell lung

carcinoma (SCLC). They found 24 up-regulated and 37

down-regulated miRNAs. Among the miRNAs in the latter

group, miR-134, miR-299, miR-329, miR-376a, miR-376c,

miR-379, miR-382, miR-409, miR-485, miR-487b,

miR-494, miR-495, miR-654, miR-127, miR-432, were

found to be down-regulated with a concomitant modulation

of the expression of their target mRNA [95]. In addition,

miR-495 was found significantly up-regulated in K-RAS

mutated lung adenocarcinomas compared to healthy lung

tissue [96]. A novel 10 over-expressed miRNAs signature

in murine lung cancers has been recently reported [97].

Interestingly, seven out of the 10 miRNAs belong to the

DLK1-DIO3 domain and included miR-136, miR-376a,

miR-337, miR-410, miR-127, miR-379, and miR-431.

However, in human non-small cell lung cancers only miR-

136 and miR-376a were over-expressed in contrast to

murine [97]. MiR-377, miR-433, miR-543 and miR-485

have been identified in malignant mesothelioma differen-

tially expressed in each histopathological subtype [98].

Five miRNAs including miR-485-5p, miR-544,

miR-409-3p, miR-127, and miR-495 were up-regulated in

two different breast cancer stem cell sub-populations. Most

interestingly, miR-495 was the only one over-expressed in

both breast cancer stem cell sub-populations evaluated

while the remaining four were unique to each sub-popu-

lation. MiR-495 has been suggested to promote colony

formation, tumor growth, and cancer cell invasion through

downregulation of E-cadherin expression [99]. It has also

been shown to inhibit REDD1 and therefore promote

cancer cell proliferation under hypoxia [99]. MiR-495

expression is under the positive control of the transcription

factors E12 and E47 involved in the cell cycle regulation of

the hematopoietic stem cells [99]. Three distinct miRNAs

signatures have been proposed in order to differentiate

estrogen receptor, progesterone receptor, and HER2/Neu

breast cancer. In all three instances, miRNAs of the DLK1-

DIO3 cluster were identified, including miR-299-3p,

miR-377, and miR-376b, respectively [100]. MiR-127 and

miR-376a were found down-regulated in breast cancer

samples compared to adjacent normal tissues, while

miR-127-3p presented higher expression in basal cells than

luminal cells and was significantly elevated in malignant

myoepithelioma compared to luminal and basal-like cancer

subtypes. Differentially expressed miRNAs in basal cells

and luminal cells included miR-337-3p, miR-485-3p, and

miR-494 [101, 102].

In an effort to better understand the development of

renal interstitial fibrosis, Kriegel et al. [103] evaluated the

association of TGFb1 and miRNAs expression. Half of

the up-regulated miRNAs after treatment with TGFb1

belonged to the DLK1-DIO3 domain such as miR-127-5p,

miR-493, miR-376c, miR-379, miR-323-3p, miR-382,

miR485-3p, and miR-369, while no miRNA of the cluster

was down-regulated.

Lastly, miR-541 over-expression was observed in von

Hippel-Lindau disease-associated pheochromocytomas

compared to sporadic benign pheochromocytomas, and

miR-376b was overexpressed in recurrent or metastatic/

malignant pheochromocytomas. On the contrary, miR-431,

miR-541, miR-410, and miR-136 were under-expressed in

malignant pheochromocytoma [104]. Microarray analysis

on bladder cancer cells and on normal fibroblast cells after

treatment with azacytidine and/or phenylbutyric acid

identified over-expression of miR-127, miR-134, miR-494,

miR-495, and miR-377 [105]. In particular, miR-127

showed prominent up-regulation compared to the other

miRNAs of the same cluster, after combinational therapy,

and negatively regulated its target, the protoncogene

BCL6. The particular miRNA was also down-regulated in

primary human cancers of the colon, bladder and prostate

as well as the other counterparts of the cluster [105].

Conclusions

A growing body of evidence suggests that ncRNAs are

molecules of previously unrecognized major biological

importance. LncRNAs can induce local gene silencing in

cis, or repress multiple genes activity throughout the gen-

ome in trans, bind chromatin modifiers complexes, and be

implicated in genomic reprogramming of somatic cells to

induced pluripotent stem cells through global remodeling of

the epigenome [106]. They can also activate transcription

factors expression and enhance stem cell differentiation by

recruiting epigenetic activators to chromatin [107].

MiRNAs are recognized as essential post-transcriptional

regulators of gene expression in both physiological and

pathological processes. Their expression is deregulated in

many diseases and in cancer [2, 24, 26]. Deregulated

miRNA expression affects most of the hallmarks of cancer

and could also influence cancer cell chemosensitivity and

therefore cancer curability.

The DLK1-DIO3 genomic region is dominated by the

lncRNA MEG3, which is involved in several important

signaling cascades and comprises one of the largest

miRNA clusters encoded from non-coding transcription

units. The findings reported here indicate that these
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miRNAs are involved in a wide spectrum of human dis-

eases, mostly cancers. They may modulate important

signaling pathways like mTOR, MAPK, Wnt, JAK-STAT,

p53, and they are related to cytokine signaling cascades,

DNA methylation, oncogenic kinases expression, and

many more. Given the quantitative assessment of these

miRNAs, they can be used as biomarkers for the diagnosis,

progression and prognosis of several cancers and can

identify cancer sub-classes of different clinical behavior.

Moreover, they are capable of early characterizing latent

malignant cells in the bone marrow stroma that can pass

through the gap junctional intercellular communication and

move from stroma to cells altering cell cycle. The fact that

some miRNAs (e.g., miR-127) are more up-regulated when

azacytidine is co-administered with phenylbutyric acid

[105] might in part explain the synergistic therapeutic

effect observed in diseases such as myelodysplastic

syndromes. Perhaps, strong re-expression of the suppressed

miRNA might lead in higher down-regulation of the target

oncogenes [105].

Our knowledge on long and short ncRNAs biology and

function is increasing every day. A better understanding of

miRNA clusters that are implicated in human diseases and

malignant cell transformation could help lead to the dis-

covery of new therapeutic strategies.
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