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AbstrAct
Non-coding RNAs represent a majority of the human transcriptome. However, 

less is known about the functions and regulatory mechanisms of most non-coding 
species. Moreover, little is known about the potential non-coding functions of coding 
RNAs. The competing endogenous RNAs (ceRNAs) hypothesis is proposed recently. 
This hypothesis describes potential communication networks among all transcript 
RNA species mediated by miRNAs and miRNA-recognizing elements (MREs) within 
RNA transcripts. Here we review the evolution of the ceRNA hypothesis, summarize 
the validation experiments and discusses the significance and perspectives of this 
hypothesis in human cancer.

tHE EMErGING OF tHE cerNA 
HYPOtHEsIs

MicroRNAs (miRNAs) are a class of small non-
coding RNAs of~22 nucleotides in length. MiRNAs 
majorly degrade mRNAs or inhibit translation of mRNAs 
by binding to miRNA response elements (MREs) on 
target RNA transcripts [1]. Occasionally, miRNAs can 
enhance the gene expression or increase the translation 
of their targets in some conditions [2].For years, it is 
believed that miRNAs regulate gene expression in a 
simple “miRNA→mRNA→protein” pattern. However, 
some observations are unable to be explained with this 
regulation pattern [3].Firstly, miRNA target prediction 
algorithms suggest that each miRNA has tens to hundreds 
of targets [4, 5], and high throughput techniques used for 
identifying the interactions of endogenous miRNA-targets 
(such as PAR-CLIP and HITS-CLIP) show large number 
of miRNA binding sites in their target mRNA sequences 
[6, 7]. However, this observation is not consistent with 

the fact that many phenotypic changes caused by miRNA 
mutants can be rescued by the mutation of a single target 
[8, 9]. Secondly, bioinformatics research suggests that 
15-30% of mammary genes can be regulated by miRNAs 
[10]. However, upon knockdown of the Dicer-1 gene 
and subsequent abolishment of miRNA maturation, 
the expression of only about 4% of transcribed genes 
increase [11]. Finally, miRNA-mediated protein changes 
are typically only within the two-fold range [4, 5]. 
However, even larger changes in the expression of some 
proteins will be tolerated by cells and not lead to any 
obvious changes in phenotype [12]. Taken together, these 
observations imply that many endogenous miRNA-target 
interactions may have no functional role. So then what 
is the significance of the presence of miRNAs and large 
miRNA binding sites across the transcriptome? 

In 2007, Javier et al. reported that non-coding 
IPS1RNA altered the level of PHO2 protein in plants by 
sequestering the availability of miR-399 and preventing 
it from inhibiting the stability and translation of PHO2 
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mRNA [13].Several weeks later, Ebert et al. introduced 
a method of miRNA sequestration in animals called the 
“miRNA sponge”, reducing miRNA availability for its 
mRNA targets [14]. These early studies show that miRNA 
activity could be regulated by “target mimics,” and 
suggest that miRNA-target interactions may be bilateral 
instead of unilateral. In 2009, based on the findings of the 
previous studies, Seitz proposed that many natural miRNA 
target sites could act as miRNA decoys, and changes in 
the expression of some miRNA targets would alter the 
availability of an miRNA and thus affect the activity of its 
other targets [3].

In 2010, Pandolfi et al. found that some protein-
coding genes and their pseudogenes contain the same 
conservative miRNA binding sites in their 3’UTRs, and 
that they can regulate their respective expression levels 
by competing for miRNA binding [15]. Based on these 
findings, one year later, Pandolfi et al. proposed the 
competing endogenous RNA (ceRNA) hypothesis [16]. 
In this hypothesis, MREs are viewed as the letters of an 
“RNA language” and the transcript RNAs with specific 
MREs can communicate with others via the “miRNA 
messenger.” Any RNA transcript possessing MREs may 
function as a ceRNA and de-repress the activity of other 
RNAs with similar MREs by competing for the same 
miRNAs in the available miRNA pools (Figure 1). 

According to the ceRNA hypothesis, the role of 
miRNAs in regulating gene expression has thus been 
amended from that of an “initiator” to a “mediator,” 
and the regulation pattern has been amended 
from liner (miRNA→mRNAs) to network-based 
(RNAs→miRNAs→mRNAs). Additionally, the ceRNA 
hypothesis provides a reasonable justification for the 
presence of pseudogenes, long non-coding RNA (lncRNA) 
and circular RNA (circRNA).

cOMPONENts OF cerNA NEtWOrKs

Two protagonists are necessary for ceRNA 
networks: miRNAs as messengers and transcripts as 
ceRNA. Each miRNA has numerous RNA targets. A 
single miRNA binding to MREs in one target transcript 
would relieve the repressive activity of that miRNA on 
other target genes; thus any transcript harboring one 
or more MREs has the potential to be a ceRNA of the 
miRNA target transcripts, including mRNA, pseudogenes, 
circRNAs, and lncRNAs. 

The human transcriptome comprises about 20,000 
protein-coding mRNA transcripts [17] with many of those 
having multiple MREs in their 3’UTR [18]. Previous 
studies have indicated that miRNA can decrease the 
stability of mRNAs or inhibit their translation by binding 
to MREs [19]. Pseudogenes are DNA fragments whose 
sequences are similar to known functional genes but have 
no protein coding functions due to accumulated mutations 
during the evolutionary process [20]. About 11,000 

pseudogenes have been found in the human genome 
[21]. Notably, transcribed pseudogenes possess many of 
the same MREs in their 3’UTRsas their protein-coding 
counterparts [22]. LncRNAs are non-coding RNAs of 
greater than200 nucleotides in length. To date, 10,000-
32,000 lncRNA transcripts have been identified using 
high throughput sequencing techniques [23]. LncRNAs 
were recently found to contain MREs as well as function 
as miRNA sponges [24]. CircRNAs are non-coding 
RNAs that form a covalent closed loop by the direct 
ligation of 5’ and 3’ ends of linear RNAs [25], which are 
stable and present at levels comparable to their canonical 
counterparts [26]. Recent studies suggest that circRNAs 
are among the significant components of ceRNA networks 
also [27-29]. 

In addition to mRNAs, pseudogene transcripts, 
lncRNAs, and circRNAs, the human transcriptome also 
contains many hundreds of thousands of small RNAs, 
including transfer RNAs involved in translation of 
mRNAs, small nuclear RNAs involved in splicing, small 
nucleolar RNAs involved in ribosomal RNA modification, 
PIWI-interacting RNAs involved in transposon repression, 
and transcription initiation RNAs involved in transcription 
regulation [30]. Importantly, at less than 200 nucleotides 
in length, these small RNAs may not contain enough 
MREs to compete with the larger RNA species; however, 
they may be involved in the regulation of ceRNA networks 
via regulating abundance and availability of protagonists 
at transcriptional and post-transcriptional levels.

VALIDAtED cerNAs IN HUMAN cANcEr

Linc RNAs, mRNAs, pseudogene transcripts 
and circRNAs are all revealed to be involved in the 
tumorigenesis and progression of human malignant tumors 
via the ceRNA mechanism (Table 1).

mrNAs as cerNAs in human cancer

PTEN is a key tumor suppressor gene that encodes 
a phosphatase that antagonizes the oncogenic PI3K/Akt 
signaling pathway by converting phosphatidylinositol 
3,4,5-trisphosphate to phosphatidylinositol 
4,5-bisphosphate [31]. In 2011, Pandolfi et al. were the 
first to identify several PTEN ceRNAs, including ZEB2 
[32], and found that their loss promotes tumorigenesis 
in a mouse model of melanoma. Many studies have 
indicated that elevated ZEB2 expression is associated 
with poor prognosis in multiple tumors through acting as 
the epithelial-to-mesenchymal transition (EMT) regulator 
[33, 34]. The Pandolfi study shows that ZEB2 mRNA 
is a PTEN ceRNA that enhances PTEN expression in 
a 3’UTR-dependent, miRNA-dependent, and protein 
coding-independent manner. Loss of ZEB2 transcript 
can activate the PI3K/Akt pathway by decreasing PTEN, 
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Figure 1: the schematic cerNA hypothesis. A. The conventional model about interaction between miRNAs and mRNAs. It has 
been believed that miRNA is an “initiator” and unilaterally regulates mRNA expression, while the MREs within mRNAs in cis regulate 
the stability and translation of mRNA itself. b. The ceRNA model about the interaction between miRNAs and mRNAs. Not only miRNAs 
can regulate mRNAs, but also miRNAs can be regulated by mRNAs reversely. Thus MREs within an mRNA can in cis regulate itself and 
in trans regulate other mRNAs. Different RNA transcripts communicate through a specific “RNA language”. MREs are the “letters” of the 
language, while the “words” consisting of MRE string within RNA transcript would be recognized and conveyed to other RNA transcripts 
by the miRNA “messenger”. c. The regulation pattern of ceRNAs. Multiple RNA transcripts containing MREs to compete same miRNA 
pool, thus alteration of any RNA transcripts would result in the same directional change of other RNA transcripts targeted by same miRNA 
pool.
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table 1: A summary of validated cerNAs  in human cancer

cerNA species corresponding 
cerNAs shared mirNAs cancer type Involved functions ref

mRNA

PTEN

ZEB2
has-miR-181-5p, hsa-
miR-200b-3p, hsa-miR-
25-3p, hsa-miR-92a-3p

Melanoma Proliferation [32]

13 genesa
It is predicted that PTEN 
and RB1 share MRE for 
32 common miRNAs

Glioblastoma Cell growth [35]

VAPA , CNOT6L

hsa-miR-17-5p, hsa-miR-
19a-3p, hsa-miR-20a-5p, 
hsa-miR-20b-5p, hsa-
miR-26b-5p, hsa-miR-
106a-5p, hsa-miR-106b-
5p, hsa-miR-19b-3p

Prostate cancer Proliferation [36]

Versican 3’-UTR

RB1, PTEN
hsa-miR-144-3p, hsa-
miR-136-5p, hsa-miR-
199a-3p

Breast 
carcinoma Proliferation [37]

Versican, CD34, 
Fibronectin

hsa-miR-199a-5p, hsa-
miR-144-3p, hsa-miR-
431-5p

Hepatocellular 
carcinoma

Proliferation, apoptosis, 
migration, invasion [38]

CD44 3’-UTR

CD44 a, CDC42 hsa-miR-216a-5p, hsa-
miR-330-3p, hsa-miR-608 Breast cancer Proliferation, apoptosis, 

angiogenesis [39]

CD44, Col1α1, FN1
hsa-miR-328-5p, hsa-
miR-512-3p ,hsa-miR-
491-5p , hsa-miR-671-5p

Breast cancer Migration, invasion, 
adhesion [40]

FOXO1 3'UTR E-cadherin hsa-miR-9-5p Breast cancer
Epithelial-to-
mesenchymal transition, 
metastasis

[91]

AEG-1 Snail, Vimentin hsa-miR-30a-5p Non-small cell 
lung cancer

Epithelial-to-
mesenchymal transition [92]

Hmga2 Tgfbr3 has-let-7s Lung cancer Transformation, 
progression [41]

OCT4B OCT4A
hsa-miR-145-5p , hsa-
miR-20a/b-5p , hsa-miR-
106a/b-5p , hsa-miR-335-
5p

Cancer cell 
linesb Proliferation [45]

Pseudogenes

PTENP1

PTEN
hsa-miR-17-5p , hsa-miR-
21-5p , hsa-miR-214-3p , 
hsa-miR-19-3p, hsa-miR-
26a-5p

Prostate cancer Proliferation [15]

PTEN hsa-miR-21-5p Renal cell 
carcinoma

Proliferation, invasion, 
chemosensitivity [22]

PTEN hsa-miR-17-5p , hsa-miR-
19b-3p , hsa-miR-20a-5p

Hepatocellular 
carcinoma

Proliferation, migration/
invasion, autophagy, 
apoptosis

[46]

PTEN Unknown Gastric Cancer Proliferation, apoptosis, 
migration, invasion [47]

KRAS1P KRAS hsa-miR-143-3p , hsa-let-
7s Prostate cancer Cell growth [15]

BRAFP1 BRAF
hsa-miR-134-5p , hsa-
miR-543 , hsa-miR-653-
5p

Lymphoma Proliferation [49]

CYP4Z1 CYP4Z2P
hsa-miR-211-5p , hsa-
miR-125a-3p , hsa-miR-
197-3p , -hsa-miR-1226-
3p , hsa-miR-204-5p

Breast cancer Angiogenesis [53]

HMGA1P6/7 HMGA1 miRNAs targeting the 
HMGA1 Pituitary tumors Proliferation, migration [56]

OCT4-pg4 OCT4 hsa-miR-145-5p Hepatocellular 
carcinoma Cell growth [93]
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thus promoting cell transformation. This study highlights 
the ability of an mRNA and its respective protein to 
potentially exert different biological functions. Califano 
et al. also validate 13 miRNA-mediated PTEN regulators, 
showing that their deletions caused decrease of PTEN 
in a 3’UTR-dependent manner, subsequently promoting 
tumor cell growth [35]. Both studies are the first to report 
on protein-coding mRNAs acting as non-coding RNAs. 
Pandolfi et al. recently employ computational analysis and 
experimental validation to prove the presence of the PTEN 
ceRNA network in prostate cancer cells [36]. This network 
includes many protein-coding mRNAs, such as SERINC1, 
VAPA, and CNOT6L, which share MREs with the PTEN 
transcript and can therefore act as ceRNAs, regulating 
the level of PTEN transcript by competing for the same 
miRNAs. 

Versican is a chondroitin sulphate proteoglycan 
present in the extracellular matrix. Yang et al. find that 
the versican 3’UTR can bind to and modulate miRNA 
activity, and subsequently increase the translation of 
tumor suppressors RB1 and PTEN in breast carcinoma 
cells [37]. In 2013, this group reported that the versican 
3’UTR induces the development of hepatocellular 
carcinoma (HCC) and demonstrated that the versican 
3’UTR can increase the expression of versican, CD34, and 
fibronectin via a ceRNA mechanism in HCC cells [38].
Similarly, this group also validated the 3’UTR of CD44 as 
a ceRNA for several transcripts in breast carcinoma cell 
lines [39, 40]. In one study, they showed that the CD44 
3’UTR serves as a competitor for hsa-miR-216a-5p, hsa-
miR-330-3p, and and hsa-miR-608 to increase CD44 and 
CDC42 protein levels in the breast cancer cell line MT-
1, resulting in inhibition of cell proliferation and tumor-
formation, promotion of angiogenesis, and induction of 
apoptosis [39]. In another study, they indicated that the 

CD44 3’UTR is also the ceRNA for collagen type 1α1 
(Col1α1) mediated by hsa-miR-328-5p and the ceRNA 
for fibronectin type 1 (FN1) mediated by hsa-miR-512-
3p, hsa-miR-491-5p, and hsa-miR-671-5p [40].Exogenous 
CD44 3’UTR increased the expression of CD44, Col1α1, 
and FN1, resulting in enhanced cell motility, invasion, and 
cell adhesion in the breast cancer cell line MDA-MB-231. 
These results suggest that certain mRNA transcripts may 
have distinct roles in different cancer types or even among 
different cell lines of the same cancer type.

A recent study indicated that Hmga2 mRNA can 
promote lung cancer progression through ceRNA function 
independent of its protein-coding function [41]. Hmga2 
mRNA has seven conserved has-let-7s binding sites in 
its 3’UTR [42]. Overexpression of Hmga2 titrates away 
has-let-7s from Tgfbr3, freeing and increasing Tgfbr3 
to triggerAgo2 and TGF-β signaling pathway activity, 
eventually leading to lung cancer progression. 

Octamer-binding transcription factor 4 (OCT4) 
encodes a transcription factor containing a POU 
homeodomain that plays a key role in embryonic 
development and stem cell pluripotency [43]. Aberrant 
expression of this gene is associated with tumorigenesis 
[44]. The OCT4 gene has three mRNA isoforms: OCT4A, 
OCT4B, and OCT4B1. Zheng et al. reported that OCT4B 
functioned as a ceRNA to regulate OCT4A expression in 
an miRNA-dependent manner in several tumor cell lines 
[45]. This is the first report showing spliced gene isoforms 
serving as ceRNAs. 

LncRNAs

HULC PRKACB hsa-miR-372-5p Hepatocellular 
carcinoma Chromatin accessibility [60]

PTCSC3 unknown hsa-miR-574-5p Thyroid cancers Cell growth, cell cycle, 
apoptosis [62]

Linc-RoR Oct4, Sox2, Nanog hsa-miR-145-5p Endometrial 
cancer stem cells Differentiation [64]

HOTAIR HER2 hsa-miR-331-3p Gastric Cancer Proliferation, migration 
and invasion [66]

Linc00974 KRT19 hsa-mir-642a Hepatocellular 
carcinoma Proliferation, invasion [68]

H19 Vimentin, ZEB1, 
ZEB2

hsa-miR-138-5p , hsa-
miR-200a-3p

Colorectal 
cancer

Epithelial to 
mesenchymal transition [70]

HOST2 HMGA2,c-Myc, 
Dicer, Imp3 hsa-let-7b-5p Ovarian cancer Migration, invasion and 

proliferation [71]

circRNAs cir-ITCH
ITCH hsa-miR-7-5p , hsa-miR-

17-5p , hsa-miR-214-3p
Esophageal 
squamous cell 
carcinoma

Cell growth [72]

ITCH hsa-miR-7-5p , hsa-miR-
20a-5p , hsa-miR-214-3p

Colorectal 
Cancer Cell growth [73]

aABHD13, CCDC6, CTBP2, DCLK1, DKK1, HIAT1, HIF1A, KLF6, LRCH1, NRAS, RB1, TAF5, TNKS2
bovarian teratoma cell line, gastric cancer cell lines, prostate cancer cell line, colon cancer cell line
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transcribed pseudogenes as cerNAs in human 
cancer

Pandolfi et al. found that both PTEN and PTENP1 
are both reduced in prostate cancer and that overexpression 
of PTENP1 increase the expression of PTEN and suppress 
tumor growth. Further they revealed that PTENP1 acts as 
a decoy for PTEN-targeting miRNAs to de-repress PTEN 
expression [15]. This study verifies for the first time that 
pseudogenes are not only evolutionary artifacts, but rather 
regulators contributing to post-transcriptional regulation 
of their parental genes. Later studies of clear-cell renal 
cell carcinoma, HCC, and gastric cancer identify this 
same mode of PTENP1 ceRNA regulation [22, 46, 47]. 
In the same report, Pandolfi et al. also examined other 
cancer-related pseudogenes and genes, and found miRNA 
binding sites to be well conserved. Of them, KRAS and 
its pseudogene KRAPS1P are found to be positively 
correlated in prostate cancer. Overexpression of the 
KRAPS1P 3’UTR increase KRAS mRNA abundance 
and promote tumor cell growth [15]. Recently, Morris et 
al. also characterized a previously unidentified antisense 
PTENP1 (asRNA) as a ceRNA [48]. The PTENP1 
antisense beta isoform can interact with PTENP1 through 
an RNA-RNA binding model and decrease PTENP1 
stability and miRNA sponge activity. In 2015, Pandolfi’s 
group provided additional evidence to support the role 
of pseudogenes participating in cancer development 
as ceRNAs [49]. The BRAF gene encodes a protein 
belonging to the raf/mil family of serine/threonine protein 
kinases [50]. This protein regulates the MAP kinase/
ERK signaling pathway and affects cell division and 
differentiation [51]. Pandolfi et al. showed that the BRAF 
pseudogene, BRAFP1, was often aberrantly expressed 
in multiple human cancers, and overexpression of the 
murine BRAF pseudogene induced lymphoma formation 
in mice. It was found that the BRAF pseudogene acted as 
a ceRNA to elevate BRAF expression and activate MAPK, 
confirming the oncogenic potential of BRAFP1 [49].

CYP4Z1 encodes a member of the cytochrome 
P450 superfamily of enzymes, and the cytochrome P450 
proteins are monooxygenases which catalyze many 
reactions in organisms [52]. CYP4Z1 and its pseudogene, 
CYP4Z2P, share many MERs in their 3’UTRs. 
Overexpressed CYP4Z2P can function as ceRNAs to 
increase CYP4Z1 expression, resulting in increased tumor 
angiogenesis via phosphorylation of ERK1/2 and PI3K/
Akt in breast cancer [53]. 

It has been reported that Hmga1 overexpression 
induces the formation of pituitary tumors in vivo [54]. 
However, Hmga1 overexpression is not related to any 
rearrangement or amplification of the Hmga1 locus 
in these tumors [55]. Fusco et al. found that Hmga1 
pseudogene expression was significantly correlated 
with Hmga1 transcript levels. Acting as ceRNAs, these 
pseudogenes elevate the expression of Hmga1 and other 

cancer related genes, enhancing the proliferation and 
migration of pituitary tumor cells [56]. 

Recently, Prins et al. applied a novel bioinformatic 
methodology for measuring pseudogene transcription from 
RNA-seq data in 819 breast cancer samples [57]. They 
found 440 pseudogenes with high confidence transcribed 
in breast cancer tissues, of which 309 exhibited significant 
differential expression among breast cancer subtypes. 
Furthermore, 177 transcribed pseudogenes are predicted 
to function as ceRNA of their parent genes. This study 
thus suggests that transcription of pseudogenes, acting 
as ceRNAs, may play a larger and more extensive role in 
cancer. 

LncrNAs as cerNAs in human cancer

HULC is the first long non-coding RNA identified 
to be specifically and highly increased in HCC [58]. It is 
not only a potential novel biomarker for HCC but also a 
regulator for tumor cell proliferation [59].In 2010, Sun et 
al. explained the regulation network of HULC as a ceRNA 
in HCC [60]. They showed that HULC functions as a 
miRNA sponge to inhibit the activity of many miRNAs, 
including hsa-miR-372-5p, resulting in de-repression of its 
target gene, PRKACB. PRKACB, acting as the catalytic 
subunit of PKA, induces phosphorylation of cAMP 
response element binding protein (CREB), which in turn 
enhances CREB-dependent HULC increasing in HCC. 
This study thus provides the first evidence of lncRNAs 
acting as ceRNAs.

Papillary thyroid carcinoma susceptibility candidate 
3 (PTCSC3) is a newly identified and highly thyroid-
specific non-coding RNA [61]. PTCSC3 is dramatically 
decreased in thyroid cancers and has the characteristics of 
a tumor suppressor. Transfection of PTCSC3 into thyroid 
cancer cells results in significant growth inhibition, cell 
cycle arrest, and increased apoptosis. These effects are 
related to the ability of PTCSC3 to bind hsa-miR-574-5p 
as ceRNA [62].

The large intergenic non-coding RNAlinc-RoR is 
first identified inhuman embryonic stem cells (ESCs). As 
a ceRNA, linc-ROR shares MREs with core transcription 
factors, such asOct4, Nanog, and Sox2, and prevents these 
transfection factors from miRNA-mediated suppression 
in self-renewal of ESCs [63]. Linc-RoR can also increase 
transcription factor levels by sequestering hsa-miR-145-
5p, thereby inhibiting cancer stem cell differentiation [64]. 
These results suggest that lncRNA ceRNAs participate in 
both embryonic development and carcinogenesis.

HOTAIR is an lncRNA involved in the development 
of multiple cancers by interacting with polycomb 
repressive complex 2 (PRC2) [65]. Wang et al. provides 
evidence that HOTAIR may also function as a ceRNA 
by increasing the expression of human epithelial growth 
factor receptor 2 (HER2) through competition for hsa-
miR-331-3p in the pathogenesis of gastric cancer [66].
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Linc00974 is an lncRNA located upstream of 
the protein-coding gene KRT19, which is recently 
characterized as an HCC progression-associated factor 
[67]. A recent study suggests that overexpression of 
linc00974 can interact with hsa-miR-642a-5p as a 
ceRNA, leading to the increase of KRT19 and subsequent 
activation of Notch and TGF-β signaling pathways, to 
increase proliferation and invasion of HCC [68].

LncRNA H19 is expressed exclusively from 
the maternal allele and is involved in the growth and 
development of multiple cancer types [69]. Recent data 
show that H19 triggers EMT progression in colorectal 
cancer by binding hsa-miR-138-5p and hsa-miR-200a-3p, 
antagonizing their functions and leading to the increase of 
their endogenous targets Vimentin, ZEB1, and ZEB2 [70].

 HOST2, a human ovarian cancer-specific lncRNA, 
is first identified in 2003, but its function and mechanism 
in ovarian cancer progression is not explained until 2015 
[71]. It is now known that HOST2 promotes tumor cell 
migration, invasion, and proliferation in epithelial ovarian 
cancer by functioning as a sponge of has-let-7s, a potent 
tumor suppressor. 

Taken together, these studies highlight the function 
of lncRNAs as ceRNAs in cancer. 

circrNAs as cerNAs in human cancer

CircRNAs are a more recently identified RNA 
transcript, so their ceRNA activity has not yet been 
as thoroughly investigated as that of other transcripts. 
Cir-ITCH is a circular RNA that spans several exons 
of ubiquitin (Ub) protein ligase (E3) (ITCH). Recently, 
two groups report that cir-ITCH functions as a ceRNA in 
human cancer [72,73]. Zhou et al. reports that cir-ITCH 
expression is generally lower in esophageal squamous cell 
carcinoma compared to surrounding peritumoral tissue. 
Moreover, overexpression of cir-ITCH might increase 
ITCH levels by acting as a sponge of hsa-miR-7-5p, 
hsa-miR-17-5p, and hsa-miR-214-3p, allowing ITCH to 
promote ubiquitination and degradation of phosphorylated 
Dvl2, then inhibiting the Wnt/β-catenin pathway [72]. 
Similar results are found in another study by Chen et al 
focusing on colorectal cancer [73]. 

PErsPEctIVEs OF cerNAs IN HUMAN 
cANcEr

Since its proposition in 2011, the ceRNA hypothesis 
has been validated by many studies. The ceRNA 
hypothesis provides a new way to view and understand 
complicated RNA networks. For example, the distinction 
between a coding and a non-coding RNA is now somewhat 
ambiguous. The finding of the mRNA of oncogene ZEB2 
suppressing melanoma development suggests that a 
traditional protein-coding mRNA may not only function as 

a non-coding RNA, but also the role of the protein may be 
different or in opposition to that of the non-coding RNA. 
Moreover, according to the ceRNA model, it is reasonable 
to deduce that a certain transcript may have different roles 
in different tumor types, depending on the availability 
of the miRNA pool and other transcripts of the ceRNA 
regulatory network. For instance, the versican 3’UTR 
has been identified to play different roles in breast cancer 
and HCC [35, 36]. Thus, identifying the different or even 
opposing roles of a single mRNA’s coding and non-coding 
character at different settings would strengthen the ceRNA 
hypothesis. 

The potential of RNAs for use as diagnostic and 
prognostic biomarkers has received a lot of attention in 
recent years. For example, RNA transcripts HOST2 and 
Hsa_circ_002059 have been identified as biomarkers for 
ovarian cancer and gastric cancer, respectively [74, 75]. 
The ceRNA model not only suggests the existence of a 
complex regulatory network in cancer, but also implies 
the possibility of using a panel of network molecules to 
diagnosis and predict cancer [76].Additionally, the ceRNA 
model partially explains the relationship between single 
nucleotide polymorphisms (SNPs) and cancer prediction, 
as SNPs locate in miRNA binding sites might regulate 
miRNA binding. Recently, 30 proto-oncogene-associated 
SNPs were reported to interrupt the interaction between 
miRNAs and their targets, and some of these SNPs can 
predict the therapeutic outcome of cancer patients [77].

The ceRNA model also provides an opportunity to 
discover the novel therapeutic targets for human cancer. 
As mentioned above, mRNAs of Hmga2 and BRAF 
could induce lung cancer progression and lymphoma 
formation respectively, which suggests these mRNAs may 
be a therapeutic targets for these malignant diseases. In 
addition, artificial miRNA sponges, which contain multiple 
miRNA binding sites and thus imitate the characteristics 
of ceRNAs as miRNA inhibitors, bring a new platform 
for RNA-based therapeutic applications in clinic [14, 78]. 

There are still some challenges to hamper the 
application of the ceRNA model to diagnose, predict or 
treat human cancer. For instance, what cellular conditions 
must exist for the ceRNA network to exist? It seems 
that the relative concentration of ceRNAs and their 
target miRNAs must be suitable for competition. Not 
only the absolute expression, but also the numbers and 
effectiveness of MREs to bind miRNAs, the subcellular 
localization, interaction with RNA binding proteins, and 
even RNA editing are factors that have an important 
influence on RNA transcripts to act as ceRNAs [30].
Recently, Markus et al. challenged the feasibility of the 
ceRNAhypothesis [79]. They find that hsa-miR-211-5p 
target genes only increased when over-expressed AldoA 
mRNA (a validated target of hsa-miR-122-5p) approach 
a threshold of 1.5× 105 transcripts per cell, which exceeds 
the physiological levels of any endogenous target [79]. 
However, the method of assessing endogenous hsa-miR-
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122-5p target changes in their study is real-time PCR, 
which is not commonly used to measure alterations 
of miRNA targets because miRNAs usually inhibit 
the translation of their targets without leading to their 
degradation [80]. Additionally, hsa-miR-122-5p levels 
in the HCC cells reach 1.2×105 transcripts per cell, 
which is among the highest reported for a miRNA in any 
mammalian system. Thus, this is an extreme example used 
for analysis, and the results may not be reproduced with 
other moderately abundant miRNAs.

Theoretically, ceRNA networks consist of any RNA 
transcripts and the miRNAs that recognize and bind the 
MREs within those RNA transcripts. Thus, identification 
of MREs within RNA transcripts is essential for further 
study of ceRNA networks. Target Scan, Pic Tar and some 
other database represent useful tools to identify putative 
miRNAs and mRNAs crosstalk. However, these database 
only consider the binding of miRNAs within the 3’ UTR 
of mRNAs, while recent researches suggest that ~40% 
of the miRNA binding sites are located within coding 
regions of mRNAs [6, 7], thus nearly 50% of information 
are missing by using these database to analysis the 
crosstalk between miRNAs and mRNAs. Additionally, 
there are no effective and efficient tools available to 
predict the interaction between miRNAs and other RNA 
transcripts until now. Thus bioinformatics techniques 
should therefore are urgent to extract ceRNA networks 
contributing to cancer progression from large databases. 
Recently, some bioinformatics analysis strategies to 
identify ceRNA networks in cancer are emerging. For 
insistence, the ceRDB database is established to predict 
mRNAs that may act as ceRNAs of other mRNAs by 
examining the co-occurrence of MREs on the 3’UTRs 
of genome-wide mRNA transcripts, with data pulled 
from Target Scan release 5.2 [81]. Paci et al. propose a 
novel computational approach suitable for exploring 
the potential role of lncRNAs as ceRNAs. Using this 
approach, they find multiple lncRNAs functioning as 
ceRNAs in normal and cancerous breast tissues [82]. 
Guo et al. analyzes lncRNA microarray data in gastric 
cancer and use bioinformatics technology to construct 
an lncRNA-miRNA-mRNA network. This study shows 
a clear caner-associated ceRNA regulatory network, 
including 9 lncRNAs, 13 miRNAs and multiple mRNAs 
involved in cell proliferation, apoptosis, invasion, and 
metastasis [83]. In addition, Suman et al. compiles a 
database of human disease-circRNA associations using 
bioinformatics [84, 85]. Our group has also established 
several cell death databases based on miRNAs mediated 
networks [86-90].

In conclusion, even as the ceRNA hypothesis is still 
in its infancy, its ability to contribute to the understanding 
of tumorigenesis, cancer progression, and cancer therapy 
development is continually being validated.

AcKNOWLEDGMENts

This work is supported by the National Natural 
Science Foundation of China (Grant No. 81302061 to 
Tianzhen Wang; Grant No. 81401961 to Xiaobo Li; 
Grant No. 81302388 to Lin Gao.), Postdoctoral scientific 
research development fund of Heilongjiang Province 
(Grant No. LBH-Q14104 to Xiaobo Li), Wu-Lian-De 
Youth Science Foundation of Harbin Medical University 
(Grant No.WLD-QN1411 to Xiaobo Li), Foundation 
of Heilongjiang Province Health and Family Planning 
Commission (Grant No. 2014-411 to Yinji Jin) and 
Hospital Foundation of Inner Mongolia Autonomous 
Region People’s Hospital (Grant No. 201301 to Xi Liu).

cONFLIcts OF INtErEst

The authors declare no conflict of interest.

rEFErENcEs

1. Fabian MR, Sonenberg N and Filipowicz W. Regulation 
of mRNA translation and stability by microRNAs. Annual 
review of biochemistry. 2010; 79:351-379.

2. Vasudevan S, Tong Y and Steitz JA. Switching from 
repression to activation: microRNAs can up-regulate 
translation. Science (New York, NY). 2007; 318:1931-
1934.

3. Seitz H. Redefining microRNA targets. Current biology. 
2009; 19:870-873.

4. Selbach M, Schwanhausser B, Thierfelder N, Fang Z, 
Khanin R and Rajewsky N. Widespread changes in protein 
synthesis induced by microRNAs. Nature. 2008; 455:58-63.

5. Baek D, Villen J, Shin C, Camargo FD, Gygi SP and Bartel 
DP. The impact of microRNAs on protein output. Nature. 
2008; 455:64-71.

6. Hafner M, Landthaler M, Burger L, Khorshid M, Hausser J, 
Berninger P, Rothballer A, Ascano M, Jr., Jungkamp AC, 
Munschauer M, Ulrich A, Wardle GS, Dewell S, Zavolan M 
and Tuschl T. Transcriptome-wide identification of RNA-
binding protein and microRNA target sites by PAR-CLIP. 
Cell. 2010; 141:129-141.

7. Chi SW, Zang JB, Mele A and Darnell RB. Argonaute 
HITS-CLIP decodes microRNA-mRNA interaction maps. 
Nature. 2009; 460:479-486.

8. Slack FJ, Basson M, Liu Z, Ambros V, Horvitz HR and 
Ruvkun G. The lin-41 RBCC gene acts in the C. elegans 
heterochronic pathway between the let-7 regulatory RNA 
and the LIN-29 transcription factor. Molecular cell. 2000; 
5:659-669.

9. Ecsedi M, Rausch M and Grosshans H. The let-7 
microRNA directs vulval development through a single 
target. Developmental cell. 2015; 32:335-344.

10. Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, Epstein 



Oncotarget13487www.impactjournals.com/oncotarget

EJ, MacMenamin P, da Piedade I, Gunsalus KC, Stoffel 
M and Rajewsky N. Combinatorial microRNA target 
predictions. Nature genetics. 2005; 37:495-500.

11. Nakahara K, Kim K, Sciulli C, Dowd SR, Minden JS and 
Carthew RW. Targets of microRNA regulation in the 
Drosophila oocyte proteome. Proceedings of the National 
Academy of Sciences of the United States of America. 
2005; 102:12023-12028.

12. Cheung VG, Conlin LK, Weber TM, Arcaro M, Jen KY, 
Morley M and Spielman RS. Natural variation in human 
gene expression assessed in lymphoblastoid cells. Nature 
genetics. 2003; 33:422-425.

13. Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga 
MI, Rubio-Somoza I, Leyva A, Weigel D, Garcia JA and 
Paz-Ares J. Target mimicry provides a new mechanism for 
regulation of microRNA activity. Nature genetics. 2007; 
39:1033-1037.

14. Ebert MS, Neilson JR and Sharp PA. MicroRNA sponges: 
competitive inhibitors of small RNAs in mammalian cells. 
Nature methods. 2007; 4:721-726.

15. Poliseno L, Salmena L, Zhang J, Carver B, Haveman WJ 
and Pandolfi PP. A coding-independent function of gene 
and pseudogene mRNAs regulates tumour biology. Nature. 
2010; 465:1033-1038.

16. Salmena L, Poliseno L, Tay Y, Kats L and Pandolfi PP. 
A ceRNA hypothesis: the Rosetta Stone of a hidden RNA 
language? Cell. 2011; 146:353-358.

17. Baltimore D. Our genome unveiled. Nature. 2001; 409:814-
816.

18. Friedman RC, Farh KK, Burge CB and Bartel DP. Most 
mammalian mRNAs are conserved targets of microRNAs. 
Genome research. 2009; 19:92-105.

19. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, 
and function. Cell. 2004; 116:281-297.

20. D’Errico I, Gadaleta G and Saccone C. Pseudogenes 
in metazoa: origin and features. Briefings in functional 
genomics & proteomics. 2004; 3:157-167.

21. Pink RC, Wicks K, Caley DP, Punch EK, Jacobs L 
and Carter DR. Pseudogenes: pseudo-functional or key 
regulators in health and disease? RNA (New York, NY). 
2011; 17:792-798.

22. Yu G, Yao W, Gumireddy K, Li A, Wang J, Xiao W, 
Chen K, Xiao H, Li H, Tang K, Ye Z, Huang Q and 
Xu H. Pseudogene PTENP1 functions as a competing 
endogenous RNA to suppress clear-cell renal cell carcinoma 
progression. Molecular cancer therapeutics. 2014; 13:3086-
3097.

23. Volders PJ, Helsens K, Wang X, Menten B, Martens L, 
Gevaert K, Vandesompele J and Mestdagh P. LNCipedia: a 
database for annotated human lncRNA transcript sequences 
and structures. Nucleic acids research. 2013; 41:D246-251.

24. Paraskevopoulou MD, Georgakilas G, Kostoulas N, Reczko 
M, Maragkakis M, Dalamagas TM and Hatzigeorgiou 
AG. DIANA-LncBase: experimentally verified and 

computationally predicted microRNA targets on long non-
coding RNAs. Nucleic acids research. 2013; 41:D239-245.

25. Lasda E and Parker R. Circular RNAs: diversity of form and 
function. RNA (New York, NY). 2014; 20:1829-1842.

26. Salzman J, Gawad C, Wang PL, Lacayo N and Brown PO. 
Circular RNAs are the predominant transcript isoform from 
hundreds of human genes in diverse cell types. PloS one. 
2012; 7:e30733.

27. Hansen TB, Wiklund ED, Bramsen JB, Villadsen SB, 
Statham AL, Clark SJ and Kjems J. miRNA-dependent gene 
silencing involving Ago2-mediated cleavage of a circular 
antisense RNA. The EMBO journal. 2011; 30:4414-4422.

28. Hansen TB, Jensen TI, Clausen BH, Bramsen JB, Finsen B, 
Damgaard CK and Kjems J. Natural RNA circles function 
as efficient microRNA sponges. Nature. 2013; 495:384-388.

29. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger 
J, Rybak A, Maier L, Mackowiak SD, Gregersen LH, 
Munschauer M, Loewer A, Ziebold U, Landthaler M, 
Kocks C, le Noble F and Rajewsky N. Circular RNAs are 
a large class of animal RNAs with regulatory potency. 
Nature. 2013; 495:333-338.

30. Tay Y, Rinn J and Pandolfi PP. The multilayered 
complexity of ceRNA crosstalk and competition. Nature. 
2014; 505:344-352.

31. Hollander MC, Blumenthal GM and Dennis PA. PTEN loss 
in the continuum of common cancers, rare syndromes and 
mouse models. Nature reviews Cancer. 2011; 11:289-301.

32. Karreth FA, Tay Y, Perna D, Ala U, Tan SM, Rust AG, 
DeNicola G, Webster KA, Weiss D, Perez-Mancera PA, 
Krauthammer M, Halaban R, Provero P, Adams DJ, 
Tuveson DA and Pandolfi PP. In vivo identification of 
tumor- suppressive PTEN ceRNAs in an oncogenic BRAF-
induced mouse model of melanoma. Cell. 2011; 147:382-
395.

33. Imamichi Y, Konig A, Gress T and Menke A. Collagen 
type I-induced Smad-interacting protein 1 expression 
downregulates E-cadherin in pancreatic cancer. Oncogene. 
2007; 26:2381-2385.

34. Park SM, Gaur AB, Lengyel E and Peter ME. The miR-200 
family determines the epithelial phenotype of cancer cells 
by targeting the E-cadherin repressors ZEB1 and ZEB2. 
Genes & development. 2008; 22:894-907.

35. Sumazin P, Yang X, Chiu HS, Chung WJ, Iyer A, Llobet-
Navas D, Rajbhandari P, Bansal M, Guarnieri P, Silva J 
and Califano A. An extensive microRNA-mediated network 
of RNA-RNA interactions regulates established oncogenic 
pathways in glioblastoma. Cell. 2011; 147:370-381.

36. Tay Y, Kats L, Salmena L, Weiss D, Tan SM, Ala U, 
Karreth F, Poliseno L, Provero P, Di Cunto F, Lieberman J, 
Rigoutsos I and Pandolfi PP. Coding-independent regulation 
of the tumor suppressor PTEN by competing endogenous 
mRNAs. Cell. 2011; 147:344-357.

37. Lee DY, Jeyapalan Z, Fang L, Yang J, Zhang Y, Yee AY, 
Li M, Du WW, Shatseva T and Yang BB. Expression of 



Oncotarget13488www.impactjournals.com/oncotarget

versican 3’-untranslated region modulates endogenous 
microRNA functions. PloS one. 2010; 5:e13599.

38. Fang L, Du WW, Yang X, Chen K, Ghanekar A, Levy G, 
Yang W, Yee AJ, Lu WY, Xuan JW, Gao Z, Xie F, He C, 
Deng Z and Yang BB. Versican 3’-untranslated region (3’-
UTR) functions as a ceRNA in inducing the development 
of hepatocellular carcinoma by regulating miRNA activity. 
FASEB journal. 2013; 27:907-919.

39. Jeyapalan Z, Deng Z, Shatseva T, Fang L, He C and Yang 
BB. Expression of CD44 3’-untranslated region regulates 
endogenous microRNA functions in tumorigenesis and 
angiogenesis. Nucleic acids research. 2011; 39:3026-3041.

40. Rutnam ZJ and Yang BB. The non-coding 3’ UTR of 
CD44 induces metastasis by regulating extracellular matrix 
functions. Journal of cell science. 2012; 125:2075-2085.

41. Kumar MS, Armenteros-Monterroso E, East P, Chakravorty 
P, Matthews N, Winslow MM and Downward J. HMGA2 
functions as a competing endogenous RNA to promote lung 
cancer progression. Nature. 2014; 505:212-217.

42. Mayr C, Hemann MT and Bartel DP. Disrupting the 
pairing between let-7 and Hmga2 enhances oncogenic 
transformation. Science (New York, NY). 2007; 315:1576-
1579.

43. Loh YH, Wu Q, Chew JL, Vega VB, Zhang W, Chen X, 
Bourque G, George J, Leong B, Liu J, Wong KY, Sung KW, 
Lee CW, Zhao XD, Chiu KP, Lipovich L, et al. The Oct4 
and Nanog transcription network regulates pluripotency 
in mouse embryonic stem cells. Nature genetics. 2006; 
38:431-440.

44. Gidekel S, Pizov G, Bergman Y and Pikarsky E. Oct-3/4 is 
a dose-dependent oncogenic fate determinant. Cancer cell. 
2003; 4:361-370.

45. Li D, Yang ZK, Bu JY, Xu CY, Sun H, Tang JB, Lin 
P, Cheng W, Huang N, Cui RJ, Yu XG and Zheng XL. 
OCT4B modulates OCT4A expression as ceRNA in tumor 
cells. Oncology reports. 2015; 33:2622-2630.

46. Chen CL, Tseng YW, Wu JC, Chen GY, Lin KC, Hwang 
SM and Hu YC. Suppression of hepatocellular carcinoma 
by baculovirus-mediated expression of long non-coding 
RNA PTENP1 and MicroRNA regulation. Biomaterials. 
2015; 44:71-81.

47. Guo X, Deng L, Deng K, Wang H, Shan T, Zhou H, Liang 
Z, Xia J and Li C. Pseudogene PTENP1 Suppresses Gastric 
Cancer Progression by Modulating PTEN. Anticancer 
Agents Med Chem. 2016; 16:456-64.

48. Johnsson P, Ackley A, Vidarsdottir L, Lui WO, Corcoran 
M, Grander D and Morris KV. A pseudogene long-
noncoding-RNA network regulates PTEN transcription and 
translation in human cells. Nature structural & molecular 
biology. 2013; 20:440-446.

49. Karreth FA, Reschke M, Ruocco A, Ng C, Chapuy B, 
Leopold V, Sjoberg M, Keane TM, Verma A, Ala U, Tay 
Y, Wu D, Seitzer N, Velasco-Herrera Mdel C, Bothmer 
A, Fung J, et al. The BRAF pseudogene functions as a 

competitive endogenous RNA and induces lymphoma in 
vivo. Cell. 2015; 161:319-332.

50. Caronia LM, Phay JE and Shah MH. Role of BRAF in 
thyroid oncogenesis. Clinical cancer research. 2011; 
17:7511-7517.

51. Yoon S and Seger R. The extracellular signal-regulated 
kinase: multiple substrates regulate diverse cellular 
functions. Growth factors (Chur, Switzerland). 2006; 24:21-
44.

52. Simpson AE. The cytochrome P450 4 (CYP4) family. 
General pharmacology. 1997; 28:351-359.

53. Zheng L, Li X, Gu Y, Lv X and Xi T. The 3’UTR of the 
pseudogene CYP4Z2P promotes tumor angiogenesis in 
breast cancer by acting as a ceRNA for CYP4Z1. Breast 
cancer research and treatment. 2015; 150:105-118.

54. Fedele M, Pentimalli F, Baldassarre G, Battista S, Klein-
Szanto AJ, Kenyon L, Visone R, De Martino I, Ciarmiello 
A, Arra C, Viglietto G, Croce CM and Fusco A. Transgenic 
mice overexpressing the wild-type form of the HMGA1 
gene develop mixed growth hormone/prolactin cell pituitary 
adenomas and natural killer cell lymphomas. Oncogene. 
2005; 24:3427-3435.

55. D’Angelo D, Esposito F and Fusco A. Epigenetic 
Mechanisms Leading to Overexpression of HMGA Proteins 
in Human Pituitary Adenomas. Frontiers in medicine. 2015; 
2:39.

56. Esposito F, De Martino M, D’Angelo D, Mussnich P, 
Raverot G, Jaffrain-Rea ML, Fraggetta F, Trouillas J and 
Fusco A. HMGA1-pseudogene expression is induced in 
human pituitary tumors. Cell cycle (Georgetown, Tex). 
2015; 14:1471-1475.

57. Welch JD, Baran-Gale J, Perou CM, Sethupathy P and Prins 
JF. Pseudogenes transcribed in breast invasive carcinoma 
show subtype-specific expression and ceRNA potential. 
BMC genomics. 2015; 16:113.

58. Panzitt K, Tschernatsch MM, Guelly C, Moustafa T, 
Stradner M, Strohmaier HM, Buck CR, Denk H, Schroeder 
R, Trauner M and Zatloukal K. Characterization of HULC, 
a novel gene with striking up-regulation in hepatocellular 
carcinoma, as noncoding RNA. Gastroenterology. 2007; 
132:330-342.

59. Du Y, Kong G, You X, Zhang S, Zhang T, Gao Y, Ye L and 
Zhang X. Elevation of highly up-regulated in liver cancer 
(HULC) by hepatitis B virus X protein promotes hepatoma 
cell proliferation via down-regulating p18. The Journal of 
biological chemistry. 2012; 287:26302-26311.

60. Wang J, Liu X, Wu H, Ni P, Gu Z, Qiao Y, Chen N, Sun 
F and Fan Q. CREB up-regulates long non-coding RNA, 
HULC expression through interaction with microRNA-372 
in liver cancer. Nucleic acids research. 2010; 38:5366-5383.

61. Jendrzejewski J, He H, Radomska HS, Li W, Tomsic J, 
Liyanarachchi S, Davuluri RV, Nagy R and de la Chapelle 
A. The polymorphism rs944289 predisposes to papillary 
thyroid carcinoma through a large intergenic noncoding 



Oncotarget13489www.impactjournals.com/oncotarget

RNA gene of tumor suppressor type. Proceedings of the 
National Academy of Sciences of the United States of 
America. 2012; 109:8646-8651.

62. Fan M, Li X, Jiang W, Huang Y, Li J and Wang Z. A long 
non-coding RNA, PTCSC3, as a tumor suppressor and a 
target of miRNAs in thyroid cancer cells. Experimental and 
therapeutic medicine. 2013; 5:1143-1146.

63. Wang Y, Xu Z, Jiang J, Xu C, Kang J, Xiao L, Wu M, 
Xiong J, Guo X and Liu H. Endogenous miRNA sponge 
lincRNA-RoR regulates Oct4, Nanog, and Sox2 in human 
embryonic stem cell self-renewal. Developmental cell. 
2013; 25:69-80.

64. Zhou X, Gao Q, Wang J, Zhang X, Liu K and Duan Z. 
Linc-RNA-RoR acts as a “sponge” against mediation of 
the differentiation of endometrial cancer stem cells by 
microRNA-145. Gynecologic oncology. 2014; 133:333-
339.

65. Hajjari M and Salavaty A. HOTAIR: an oncogenic long 
non-coding RNA in different cancers. Cancer biology & 
medicine. 2015; 12:1-9.

66. Liu XH, Sun M, Nie FQ, Ge YB, Zhang EB, Yin DD, Kong 
R, Xia R, Lu KH, Li JH, De W, Wang KM and Wang ZX. 
Lnc RNA HOTAIR functions as a competing endogenous 
RNA to regulate HER2 expression by sponging miR-331-
3p in gastric cancer. Molecular cancer. 2014; 13:92.

67. Kim H, Choi GH, Na DC, Ahn EY, Kim GI, Lee JE, Cho 
JY, Yoo JE, Choi JS and Park YN. Human hepatocellular 
carcinomas with “Stemness”-related marker expression: 
keratin 19 expression and a poor prognosis. Hepatology 
(Baltimore, Md). 2011; 54:1707-1717.

68. Tang J, Zhuo H, Zhang X, Jiang R, Ji J, Deng L, Qian 
X, Zhang F and Sun B. A novel biomarker Linc00974 
interacting with KRT19 promotes proliferation and 
metastasis in hepatocellular carcinoma. Cell death & 
disease. 2014; 5:e1549.

69. Matouk IJ, DeGroot N, Mezan S, Ayesh S, Abu-lail R, 
Hochberg A and Galun E. The H19 non-coding RNA is 
essential for human tumor growth. PloS one. 2007; 2:e845.

70. Liang WC, Fu WM, Wong CW, Wang Y, Wang WM, Hu 
GX, Zhang L, Xiao LJ, Wan DC, Zhang JF and Waye MM. 
The LncRNA H19 promotes epithelial to mesenchymal 
transition by functioning as MiRNA sponges in colorectal 
cancer. Oncotarget. 2015; 6:22513-25. doi: 10.18632/
oncotarget.4154.

71. Gao Y, Meng H, Liu S, Hu J, Zhang Y, Jiao T, Liu Y, Ou 
J, Wang D, Yao L, Liu S and Hui N. LncRNA-HOST2 
regulates cell biological behaviors in epithelial ovarian 
cancer through a mechanism involving microRNA let-7b. 
Human molecular genetics. 2015; 24:841-852.

72. Li F, Zhang L, Li W, Deng J, Zheng J, An M, Lu J and 
Zhou Y. Circular RNA ITCH has inhibitory effect on ESCC 
by suppressing the Wnt/beta-catenin pathway. Oncotarget. 
2015; 6:6001-6013. doi: 10.18632/oncotarget.3469.

73. Huang G, Zhu H, Shi Y, Wu W, Cai H and Chen X. cir-

ITCH plays an inhibitory role in colorectal cancer by 
regulating the Wnt/beta-catenin pathway. PloS one. 2015; 
10:e0131225.

74. Li P, Chen S, Chen H, Mo X, Li T, Shao Y, Xiao B and 
Guo J. Using circular RNA as a novel type of biomarker in 
the screening of gastric cancer. Clinica chimica acta. 2015; 
444:132-136.

75. Rangel LB, Sherman-Baust CA, Wernyj RP, Schwartz DR, 
Cho KR and Morin PJ. Characterization of novel human 
ovarian cancer-specific transcripts (HOSTs) identified 
by serial analysis of gene expression. Oncogene. 2003; 
22:7225-7232.

76. Sanchez-Mejias A and Tay Y. Competing endogenous RNA 
networks: tying the essential knots for cancer biology and 
therapeutics. Journal of hematology & oncology. 2015; 
8:30.

77. Manikandan M and Munirajan AK. Single nucleotide 
polymorphisms in microRNA binding sites of oncogenes: 
implications in cancer and pharmacogenomics. Omics. 
2014; 18:142-154.

78. Brown BD and Naldini L. Exploiting and antagonizing 
microRNA regulation for therapeutic and experimental 
applications. Nature reviews Genetics. 2009; 10:578-585.

79. Denzler R, Agarwal V, Stefano J, Bartel DP and Stoffel 
M. Assessing the ceRNA hypothesis with quantitative 
measurements of miRNA and target abundance. Molecular 
cell. 2014; 54:766-776.

80. Rubio-Somoza I, Weigel D, Franco-Zorilla JM, Garcia JA 
and Paz-Ares J. ceRNAs: miRNA target mimic mimics. 
Cell. 2011; 147:1431-1432.

81. Sarver AL and Subramanian S. Competing endogenous 
RNA database. Bioinformation. 2012; 8:731-733.

82. Paci P, Colombo T and Farina L. Computational analysis 
identifies a sponge interaction network between long non-
coding RNAs and messenger RNAs in human breast cancer. 
BMC systems biology. 2014; 8:83.

83. Xia T, Liao Q, Jiang X, Shao Y, Xiao B, Xi Y and Guo J. 
Long noncoding RNA associated-competing endogenous 
RNAs in gastric cancer. Scientific reports. 2014; 4:6088.

84. Ghosal S, Das S, Sen R, Basak P and Chakrabarti J. 
Circ2Traits: a comprehensive database for circular RNA 
potentially associated with disease and traits. Frontiers in 
genetics. 2013; 4:283.

85. Hancock JM. Circles within circles: commentary on Ghosal 
et al. (2013) “Circ2Traits: a comprehensive database for 
circular RNA potentially associated with disease and traits”. 
Frontiers in genetics. 2014; 5:459.

86. Li Y, Zhuang L, Wang Y, Hu Y, Wu Y, Wang D and Xu 
J. Connect the dots: a systems level approach for analyzing 
the miRNA-mediated cell death network. Autophagy. 2013; 
9:436-439.

87. Wu D, Huang Y, Kang J, Li K, Bi X, Zhang T, Jin N, Hu 
Y, Tan P, Zhang L, Yi Y, Shen W, Huang J, Li X, Li X, 
Xu J, et al. ncRDeathDB: A comprehensive bioinformatics 



Oncotarget13490www.impactjournals.com/oncotarget

resource for deciphering network organization of the 
ncRNA-mediated cell death system. Autophagy. 2015; 
11:1917-1926.

88. Wang Y, Chen L, Chen B, Li X, Kang J, Fan K, Hu Y, Xu 
J, Yi L, Yang J, Huang Y, Cheng L, Li Y, Wang C, Li K, 
Li X, et al. Mammalian ncRNA-disease repository: a global 
view of ncRNA-mediated disease network. Cell death & 
disease. 2013; 4:e765.

89. Zhang X, Wu D, Chen L, Li X, Yang J, Fan D, Dong T, 
Liu M, Tan P, Xu J, Yi Y, Wang Y, Zou H, Hu Y, Fan K, 
Kang J, et al. RAID: a comprehensive resource for human 
RNA-associated (RNA-RNA/RNA-protein) interaction. 
RNA (New York, NY). 2014; 20:989-993.

90. Li Y, Wang C, Miao Z, Bi X, Wu D, Jin N, Wang L, Wu H, 
Qian K, Li C, Zhang T, Zhang C, Yi Y, Lai H, Hu Y, Cheng 
L, et al. ViRBase. 2015; 43:D578-582.

91. Yang J, Li T, Gao C, Lv X, Liu K, Song H, Xing Y and 
Xi T. FOXO1 3’UTR functions as a ceRNA in repressing 
the metastases of breast cancer cells via regulating miRNA 
activity. FEBS letters. 2014; 588:3218-3224.

92. Liu K, Guo L, Guo Y, Zhou B, Li T, Yang H, Yin R and 
Xi T. AEG-1 3’-untranslated region functions as a ceRNA 
in inducing epithelial-mesenchymal transition of human 
non-small cell lung cancer by regulating miR-30a activity. 
European journal of cell biology. 2015; 94:22-31.

93. Wang L, Guo ZY, Zhang R, Xin B, Chen R, Zhao J, Wang 
T, Wen WH, Jia LT, Yao LB and Yang AG. Pseudogene 
OCT4-pg4 functions as a natural micro RNA sponge to 
regulate OCT4 expression by competing for miR-145 in 
hepatocellular carcinoma. Carcinogenesis. 2013; 34:1773-
1781.


