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Abstract. The existence of artificial sponges and antisense 
oligonucleotides designed to decrease the availability of 
microRNAs (miRNAs), a family of small non‑coding RNAs 
that target RNA transcripts through miRNA response 
elements (MREs) involved in gene expression, suggests that 
miRNAs may also be regulated. The wide range of RNA 
transcripts harboring MREs, termed competing endogenous 
RNAs (ceRNAs), includes protein‑coding messenger RNAs 
(mRNAs) and non‑coding RNAs, for example long non‑coding 
RNAs, pseudogenes and circular RNAs, which compete for a 
common pool of miRNAs as natural decoys. These ceRNAs 
are co‑regulated and produce large, complex posttranscrip-
tional regulatory networks, which have been implicated in 
numerous biological processes. The present review discusses 
recent discoveries that implicate natural microRNA decoys in 
the development of cancer.
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1. Introduction

A single messenger RNA (mRNA) may be regulated by a 
number of micro RNAs (miRNAs), and a single miRNA is able 
to regulate multiple mRNAs (1). This finding suggests that the 

crosstalk between messenger RNAs and miRNAs is intricate 
and complex. The canonical role of mRNAs is the delivery 
of protein‑coding information to sites of protein synthesis (2). 
However, during the past decade, miRNAs, a family of small 
non‑coding RNAs that are important post‑transcriptional 
regulators of gene expression through binding to RNAs, have 
been well characterized. Numerous researchers have attempted 
to decipher the crosstalk at this post‑transcriptional regulatory 
stage. The competing endogenous RNA (ceRNA) hypothesis 
states that all types of RNA transcript compete for miRNAs 
through a ‘language’ mediated by miRNA response elements 
(MREs), and is compelling in this context (3). On the basis 
of this hypothesis, coding and non‑coding RNA transcripts 
with shared MREs are able to actively communicate with 
each other to regulate their respective expression levels, thus 
explaining the consistent expression patterns of ceRNAs and 
miRNA targets (4).

miRNA inhibitors, termed ‘microRNA sponges’, are 
transcripts expressed from certain promoters, which contain 
multiple, tandem binding sites to for a particular miRNA (5). 
These artificial sponges may be transiently transfected into 
cultured cells to derepress miRNA targets, at least as effec-
tively as chemically altered antisense oligonucleotides (6). 
IPS1, the first endogenous sponge RNA discovered in plants, 
contains a motif with sequence complementary to miRNA 
(miR)‑399, and functions as an miRNA decoy for sequestering 
miR‑399. This mechanism of inhibition of miRNA activity is 
termed ‘target mimicry’, thus resulting in derepression of the 
miR‑399 target PHO2 (7). Artificial target mimics, antisense 
oligonucleotides and natural miRNA sponges have all been 
confirmed to compete with miRNA targets for miRNAs, and 
attenuate the inhibitory activity of miRNAs, indicating the 
potential ability of non‑coding transcripts to interact with 
miRNAs and control the expression of miRNA target genes at 
the post‑transcriptional regulatory circuit level.

The emerging roles of RNA‑RNA crosstalk, as part of a 
complex posttranscriptional regulatory circuit, have been 
implicated in human development and disease (Table I). Func-
tional analysis of the miRNA competition and inhibition will 
likely result in significant insights, regarding basic physiology 
and disease progression. The present review focused on the 
molecular mechanisms of ceRNAs and the classification of 
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natural RNA species, as well as the implication of ceRNAs in 
the progression of cancer.

2. Molecular mechanism of ceRNAs and classification

mRNAs, transcribed pseudogenes, long non‑coding RNAs 
(lncRNAs) and circular RNAs (circRNAs) that share common 
MREs with mRNAs may be similarly targeted, sequestering 
miRNAs to inhibit their interaction with protein‑coding 
mRNAs (Fig. 1A). Therefore, these ceRNAs competing for 
common miRNAs are also able to regulate each other in 
ceRNA networks. The strength of this cross‑talk is determined 
by various conditions, including the relative levels of miRNAs 
and targets, the number of shared miRNA binding sites and 
the strength of miRNA binding to the target or ceRNA (8). 
When a given mRNA is upregulated, the repression conferred 
by its associated targeting miRNAs is decreased, as the total 
number of MREs exceeds that of the miRNAs themselves (9). 
Similarly, forced expression of ceRNAs sharing common 
MREs with protein‑coding RNAs sequesters microRNAs and 
alters the expression levels of miRNA targets (Fig. 1B and C).

mRNA as ceRNAs. It has previously been demonstrated 
that miRNAs are able to inhibit protein‑coding RNAs 
through binding to MREs of mRNA 3' untranslated regions 
(3'UTR)  (10). The majority of validated ceRNAs are 
mRNAs, and their ability to compete for miRNA binding 
and sequester miRNAs from alternate targets may induce 
biological functions of mRNAs independent of those of their 
encoded proteins (4). One putative phosphatase and tensin 
homolog (PTEN) ceRNA, the zinc finger E‑box binding 
homeobox  2 (ZEB2) mRNA, was demonstrated to exert 
protein‑independent and miRNA‑dependent regulation of 
PTEN expression via sequestration of shared miRNAs (11). 
ZEB2 mRNA has been validated as a PTEN ceRNA and 
regulates PTEN levels by sequestering at least four miRNAs 
(miR‑181, miR‑200b, miR‑25 and miR‑92a). Attenuation of 
ZEB2 expression results in the repression of PTEN in human 
melanomas (11). Another validated PTEN ceRNA is Dickkopf 
WNT signaling pathway inhibitor 1 mRNA which competes 
with PTEN mRNA for miR‑93 and miR‑106a (12). In addi-
tion, the 3'UTRs of protein‑coding transcripts that typically 
contain MREs for multiple miRNAs are critical for mRNAs 
to function as ceRNAs for miRNA targets. The versican 
(VCAN) 3'UTR has been reported to modulate PTEN levels 
by sequestering shared miRNAs miR‑144 and miR‑136 (13). 
miR‑199a‑3p and miR‑144 target cell cycle regulator retino-
blastoma 1 (Rb1), which was also demonstrated to function 
as a ceRNA for VCAN (13). Thus, the VCAN 3'UTR binds 
and modulates miRNA activities, acting as a natural miRNA 
sponge and releasing the Rb1 and PTEN mRNAs for transla-
tion. CD34 and FN1 have also been validated as two additional 
VCAN ceRNAs, which compete for binding to miR‑133a, 
miR‑199a‑3p, miR‑144 and miR‑431 (14,15). In light of the 
ceRNA hypothesis, the 3'UTRs of protein‑coding transcripts 
also likely decoy miRNAs from transcripts with shared MREs 
in a protein‑independent manner, thereby acting as trans 
regulatory elements to regulating such transcripts (3). Overall, 
these findings suggest that protein‑coding transcripts and 
3'UTRs of coding genes may possess significant biological 

activity through their ability to function as endogenous decoys 
for miRNAs and thereby regulate miRNA targets.

lncRNAs as ceRNAs. With the ever‑expanding number of 
lncRNAs, increasing numbers of studies have focused on 
the roles of lncRNAs in epigenetic mechanisms and other 
biological processes (16,17). Notably, lncRNAs have begun 
to emerge as natural miRNA decoys, suggesting that they 
may function as ceRNAs at the post‑transcriptional regula-
tory level (18‑20). In particular, the muscle‑specific lncRNA 
LINCMD1 regulates muscle differentiation by binding and 
sequestering miR‑133 and miR‑135  (21). Typically, these 
miRNAs negatively regulate expression of the master-
mind‑like  1 (MAML1) and myocyte enhancer factor  2C 
(MEF2C) transcription factors, which induce muscle‑specific 
gene expression. Therefore, by sequestering these miRNAs, 
LINCMD1 functions as an miRNA decoy and activates 
MAML1 and MEF2C. In addition, HULC, an lncRNA that 
has previously been identified to be highly upregulated in 
liver cancer, acts as an endogenous sponge, downregulating 
the activity of a series of miRNAs, including miR‑372 (22). 
The inhibition of miR‑372 reduces translational repression 
of its target gene, PRKACB. Another lncRNA, H19, which 
possesses canonical and non‑canonical binding sites for the 
let‑7 family of miRNAs, has been demonstrated to modulate 
let‑7 availability by competing with DICER and HMGA2 
as a molecular sponge  (23). These studies indicated that 
lncRNAs may be involved in post‑transcriptional regulation 
by functioning as ceRNAs. Additional lncRNAs functioning 
as miRNA decoys will be discussed in detail below.

Pseudogenes as ceRNAs. Pseudogenes are defined as genomic 
loci that resemble functional genes, but are considered 
biologically inactive as they posses premature stop codons, 
deletions, insertions and/or frameshift mutations that prevent 
their effective translation into functional proteins. There are 
almost as many pseudogenes as there are coding genes, and 
these pseudogenes represent a significant proportion of the 
‘transcriptome’ (24). Sequencing has revealed that nucleotide 
sequences contained within pseudogenes are well preserved, 
suggesting that selective pressure to maintain these genetic 
elements may exist (25). Processed pseudogenes are generated 
through retrotransposition and therefore contain no introns; 
however, they commonly share 5' and 3'UTR sequences with 
their ancestral genes (26). PTENP1 is supressed by several 
validated PTEN‑targeting miRNAs, and overexpression and 
RNA interference experiments confirmed that PTENP1 post-
transcriptionally regulates the expression of PTEN via shared 
miRNAs  (4). The breast carcinoma amplified sequence 4 
(BCAS4) pseudogene, Pbcas4, whose transcripts compete 
with BCAS4 mRNAs for binding to the common miR‑185, is 
a conserved ceRNA in the mouse and human genome (27). In 
addition, several other pseudogenes, including the OCT4‑pg1, 
E2F3P1 and CDK4PS, were demonstrated to share binding 
sites for common miRNAs with their parental genes  (4), 
suggesting that gene regulation by pseudogenes acting as 
ceRNAs may be a frequent phenomenon. However, to date, 
few pseudogenes have been functionally characterized, and 
more evidence supporting this potentially common phenom-
enon remain to be experimentally validated.
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circRNA as ceRNAs. circRNAs were initially described in the 
1990s, and the most well‑studied circRNA is that generated 
from the sex‑determining Y (SRY) gene, although the biolog-
ical functions of these RNA circles has remained elusive (28). 
Recently, SRY, the testis‑specific circRNA, was validated as 
an miR‑138 sponge, with ceRNA activity  (29), suggesting 
that these RNA circles may have significant roles in regula-
tory RNA networks. An antisense transcript to CDR1, termed 

CDR1as or circRNA sponge for miR‑7, is highly expressed in 
the human and mouse brain, where circRNA acts as an miR‑7 
sponge (29,30). CDR1as contains >70 selectively conserved 
miRNA target sites and suppresses miR‑7 activity, resulting in 
the enhanced expression of miR‑7 targets (30). circRNAs have 
been identified in multiple types of tissue, and were demon-
strated to be resistant to RNase R treatment (which degrades 
linear RNA species), and possess longer half‑lives compared 

Table I. Validated non‑coding competing endogenous RNAs.

ceRNA subtypes	 Function	 Tissues and species	 Reference

Protein‑coding RNAs			 
  ZEB2 and PTEN	 Upregulation of PTEN by	 Melanoma	 (11)
	 sequestering miRNAs

  DKK1 and PTEN	 Modulation of PTEN protein levels	 Diabetic cardiomyocytes	 (12)

  VCAN and PTEN, Rb1	 Free Rb1 and PTEN mRNAs for	 Breast cancer	 (13)
	 translation, and thus inhibit growth
  VCAN and CD34, FN1	 VCAN interacts with CD34 and FN1	 Hepatocellular carcinoma	 (14,15)
	 as an miRNA decoy
  CD44 and CDC42	 Inhibition of cell proliferation, 	 Breast cancer and various	 (37)
	 colony formation, tumor growth	 other types of cancer
  CD44 and Col1α1, FN1	 Enhancement of metastasis in vivo	 Breast carcinoma	 (57)
  PTEN and CNOT6L, VAPA	 Control downstream PI3K	 Glioblastoma and prostate	 (51)
	 signaling and cell growth	 cancer
  HMGA2 and Tgfβr3	 Competition for let‑7 occupancy	 Lung cancer	 (40)
	 with the TGF‑β co‑receptor Tgfβr3
Long non‑coding RNAs
  LINCMD1 and MAML1, MEF2C	 Control of muscle differentiation 	 Mouse and human myoblasts	 (21)
	 through upregulation of MAML1
	 and MEF2C transcription factors
  HULC and PRKACB	 Downregulation of	 Liver cancer	 (22)
	 miRNA‑mediated repression
  HOTAIR and HER2	 Regulation of HER2 expression	 Gastric cancer	 (47)
  LincRNA‑RoR, OCT4,	 Mediation of embryonic stem cell	 Endometrial cancer stem cells,	 (33,57)
  SOX2 and NANOG	 self‑renewal and differentiation	 embryonic stem cells
  IPS1 and PHO2	 Downregulation of 	 Arabidopsis thaliana 	 (7)
	 miRNA‑mediated repression
  H19 and DICER, HMGA2	 Modulation of let‑7 availability	 Mus musculus and	 (23)
	 as a molecular sponge	 Homo sapiens
Pseudogenes
  PTENP1 and PTEN	 Upregulation of PTEN	 Prostate tumor, colon	 (4)
	 as a ceRNA	 cancer
  KRAS1P and KRAS	 Increase KRAS mRNA	 Prostate cancer, neuroblastoma,	 (4)
	 abundance	 retinoblastoma and
		  hepatocellular carcimoma
  Pbcas4 and BCAS4	 Conserved competitive	 Mus musculus and	 (27)
	 endogenous RNA of BCAS4	 Homo sapiens
Circular RNAs
  CDR1as or ciRS‑7 and	 Downregulation of	 Human and mouse brain	 (29,30)
  SNCA, EGFR, IRS2	 miRNA‑mediated repression

ceRNA, competing endogenous RNA; mRNA, messenger RNA; miRNA, micro RNA; PI3K, phosphoinositide 3‑kinase; HER2, human 
epidermal growth factor receptor 2; ciRS‑7, circular RNA sponge for miR‑7.
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with that of their linear RNA transcript counterparts (31,32). 
Only the linear forms of these RNAs were present in heavy 
polyribosome fractions, suggesting that the circular forms 
remain untranslated (31). As a result of their high expression 
levels and stability, circRNAs with ceRNA activity may be 
particularly effective modulators of the cross‑talk between 
linear ceRNAs.

3. ceRNA crosstalk in the progression of cancer

Cross‑talk between ceRNAs through shared miRNAs repre-
sents a novel layer of gene regulation that may have significant 
roles in development and disease (12,21,33). In living organ-
isms, although diverse cells that are structured into tissues and 
organs grow, progress and exert their functions constantly, it is 
difficult to appreciate the ‘perfect mechanism’ (34). However, 
tumorous cells transformed from normal physiological cells that 
grow beyond their natural boundaries, provide an approach for 
elucidation of the underlying mechanism. Over several decades 
of cancer research, six hallmarks of cancer that form the funda-
mental principle of the process of malignant transformation 
were proposed and modified (35). These six hallmarks of cancer 
were: i) sustained proliferative signaling; ii) evasion of growth 
suppressors; iii) facilitation of replicative immortality; iv) acti-
vation of invasion and metastasis; v) induction of angiogenesis; 
and vi)  resistance to cell death. Herein, the present review 
proposes to introduce ceRNA post‑transcriptional regulation 
into cancer biology and focus on the ceRNA networks involved 
in these six hallmarks of cancer.

Sustaining proliferative signaling. The capability of constant 
proliferation is one of the most prominent characteristics 
of cancer cells. Normal cells tightly regulate the balance of 
cellular proliferation and death to maintain strict control of cell 
number, tissue architecture and function. Once this balance 
is broken, tumor cell signaling cascades that determine their 
dependence on proliferation signals are deregulated, which 
results in unlimited growth (36). Ectopic expression of the 
CD44 3'UTR binds and inactivates multiple miRNAs, including 
miR‑216a, miR‑330 and miR‑608, freeing the target mRNA 
CDC42 from repression (37). CDC42, a gene involved in cell 
cycle progression, inhibits proliferation, colony formation and 
tumor growth following enhanced translation. Upregulation 
of CD44 expression in epithelial ovarian cancer is associated 
with a favorable outcome and is indicative of enhanced survival 
time (38). By contrast, the loss of CD44 expression observed 
in Burkitt's lymphoma, neuroblastoma and prostate cancer 
was accompanied by oncogenic transformation (39). Thus, it 
was hypothesized that CD44 mRNA competes with CDC42 
for miRNA binding and results in tumorigenesis following the 
loss of CD44 expression.

In addition to CD44, HMGA2 has been demonstrated 
to promote lung carcinogenesis via two mechanisms: As a 
protein‑coding gene and as a non‑coding RNA (40). HMGA2 
is highly expressed in metastatic lung adenocarcinoma, where 
it has previously been demonstrated to contribute to cancer 
progression and metastasis (41‑43). HMGA2 promotes lung 
tumor formation by competing with the TGF‑β co‑receptor 
Tgfβr3 for let‑7 occupancy, which activates the TGF‑β 

Figure 1. Molecular mechanism of ceRNAs and classification. (A) mRNAs, transcribed pseudogenes, lncRNAs and cirRNAs are able to function as competing 
endogenous RNAs. (B) Downregulation of ceRNAs results in increased availability of miRNA molecules to bind to mRNA, thereby repressing protein transla-
tion. (C) Overexpression of ceRNA results in a reduction in free miRNA abundance, facilitating the derepression of mRNAs that contain identical MREs, thus 
increasing protein expression levels. ceRNA, competing endogenous RNA; mRNA, messenger RNA; lncRNA, long non‑coding RNA; cirRNA, circular RNA; 
miRNA, micro RNA; MRE, miRNA response element.
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signaling involved in lung cancer progression. These studies 
thereby identified a novel gene‑expression pathway, where the 
protein‑coding gene, HMGA2, largely behaves independently 
of its protein‑coding function, inducing lung cancer progres-
sion as a ceRNA.

The lncRNA, HOTAIR, was initially known for its effects 
in primary breast tumors and breast cancer metastases, where 
enhanced HOTAIR expression promoted invasion and metas-
tasis (44). Recent studies also identified upregulated HOTAIR 
expression in gastric cancer (45,46). HOTAIR functions as a 
ceRNA, regulating the expression of human epithelial growth 
factor receptor  2 (HER2) by competing for miR‑331‑3p. 
HOTAIR thus functions as an oncogene in gastric patho-
genesis by inducing the activation of HER2 cell signaling 
networks (47). This finding further supports the hypothesis 
that the ceRNA function of RNA transcripts is of fundamental 
significance in oncogenic transformation.

A study revealed that overexpression of the KRAS1P pseu-
dogene 3'UTR resulted in enhanced KRAS mRNA expression 
and accelerated cell growth (4). Notably, KRAS and KRAS1P 
transcript levels are co‑regulated in prostate cancer, and the 
KRAS1P locus at 6p11‑12 is amplified in various types of 
human tumor, including retinoblastoma, neuroblastoma and 
hepatocellular carcinoma (48‑50). These findings are indica-
tive of a putative, coding‑independent, proto‑oncogenic role 
for KRAS1P, which may be explained by an miRNA decoy 
mechanism. However, the specific miRNAs involved remain 
to be elucidated and require further investigation.

Protein‑coding RNAs, lncRNAs and pseudogene tran-
scripts are able to function as ceRNAs and contribute to 
the induction of uncontrolled proliferation. Furthermore, 
invaluable insight into the function of diverse species may be 
acquired following analysis of the ceRNA crosstalk involved 
in cancer progression.

Evading growth suppressors. Several tumor suppressive genes 
that inhibit cellular growth and proliferation through diverse 
signaling pathways have been identified, including Tp53, 
phosphate and tensin homolog (PTEN) and Rb1. The complete 
loss of a tumor suppressor gene in tumor cells represents one 
mechanism of achieving constant proliferative capability, 
for example Tp53. However, another mechanism is also used 
to posttranscriptionally modulate and inactivate the tumor 
suppressor genes.

The pseudogene PTENP1 competes with PTEN for 
miRNA binding, thereby modulating the derepression of 
specific miRNA targets (4). Following the loss of PTENP1, 
the decreased translation of PTEN was unable to exert tumor 
suppressive functions by inhibiting the phosphoinositide 
3‑kinase (PI3K)/AKT signaling pathway. The existence of 
genomic copy number losses at the PTENP1 locus supports 
the hypothesis that PTENP1 is a tumor suppressor gene, and 
may be under selective pressure to undergo copy number losses 
in cancer. Another two protein‑coding RNAs, CNOT6L and 
(vesicle‑associated membrane protein)‑associated protein A 
(VAPA), appeared to phenocopy PTEN loss‑mediated AKT 
activation based on their function as PTEN ceRNAs  (51). 
Thus, silencing of the tumor suppressor gene PTEN due to loss 
of CNOT6L and VAPA, resulted in evasion of growth inhibi-
tion. The identification of significant copy number losses of the 

VAPA and CNOT6L genomic loci supported the hypothesis 
that these protein‑coding RNAs exert tumor‑suppressive 
effects.

The ZEB2 protein has previously been established as an 
activator of the epithelial‑to‑mesenchymal transition (EMT) 
and was demonstrated to be involved in the promotion of 
cancer progression and metastasis in certain instances of 
epithelial cancer  (52,53). However, the ZEB2 transcript 
functions as a PTEN ceRNA and modulates PTEN protein 
levels in an miRNA‑dependent, protein coding‑independent 
manner (11). ZEB2 and PTEN are co‑regulated, and ZEB2 
levels are commonly attenuated in human cancers. PTEN 
antagonizes PI3K/AKT signaling, therefore attenuation of 
ZEB2 expression activates the PI3K/AKT pathway, enhancing 
cell transformation.

Expression of the VCAN 3'UTR has been reported to bind 
and modulate miRNA activities, releasing PTEN mRNAs 
for translation, and resulting in reduced cell proliferation 
and tumor growth  (13). In addition to its role as a PTEN 
ceRNA, VCAN was also demonstrated to act as a ceRNA 
for the cell‑cycle regulator Rb1 by competing for common 
miRNAs, upregulating this crucial tumor suppressor in vitro 
and in vivo (13). Expression of Rb1 and PTEN were synergisti-
cally upregulated in vitro and in vivo, suggesting that VCAN 
transcripts acting as ceRNAs contribute to tumorigenesis via 
the Rb1 and PI3K signaling pathways.

In addition, an lncRNA tumor suppressor, PTCSC3, 
was found to be downregulated in thyroid cancer cells (54). 
PTCSC3 functions as a ceRNA by sequestering miR‑574‑5p, 
thereby inducing cell cycle arrest. However, further investiga-
tions regarding the miRNA targets co‑regulated with PTCSC3 
in thyroid cancer is required.

Collectively, protein‑coding RNAs and noncoding RNAs, 
including pseudogene transcripts and lncRNAs, attenuate 
proliferation inhibition and promote tumorigenesis through 
the sequestration of miRNAs as ceRNAs.

Enabling replicative immortality. In contrast to normal 
cells that are only able to complete a limited number of cell 
divisions, tumor cells extensively self‑renew, similarly to 
embryonic stem cells (ESCs). Thus, it was hypothesized that 
tumor cells acquire this ESC‑like property by reprogramming 
normal cells and enabling replicative immortality. A large 
intergenic noncoding RNA, linc‑RoR, whose expression is 
linked to pluripotency and self‑renewal, has been identified 
as a key reprogramming regulator (55). Linc‑RoR functions 
as a key ceRNA, linking the network of miRNAs and core 
transcription factors (TFs), including Oct4, Sox2 and Nanog, 
and protecting these core TFs from miRNA‑mediated 
suppression in self‑renewing human ESCs (56). Linc‑RoR also 
functions as a ‘sponge’ against mediation of the differentiation 
of endometrial cancer stem cells by miR‑145, suggesting that 
endogenous linc‑RoR may have a key role in cancer stem cell 
(CSC) maintenance and pluripotency (33). The identification 
of additional ceRNAs associated with self‑renewal of CSCs 
requires further exploration.

Activating invasion and metastasis. Invasion and distant 
metastases occur in diverse types of advanced tumor. 
Notably, the majority of patients with cancer succumb to these 
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metastases rather than the primary tumor. Frequently, cancer 
cells undergo morphological changes and alter their cell‑cell or 
cell‑matrix interactions. Altered expression of components of 
the extracellular matrix (ECM) has a significant role in cancer 
metastasis. It was previously revealed that overexpression of 
the CD44 3'UTR resulted in enhanced cell motility, invasion 
and adhesion in the MDA‑MB‑231 human breast carcinoma 
cell line, and also enhanced metastasis in vivo (57). miRNAs 
which interact with the CD44 3'UTR also have binding 
sites in other matrix‑encoding mRNA 3'UTRs, including 
collagen type 1α1 (Col1α1), which is suppressed by miR‑328, 
as well as fibronectin type 1 (FN1), which is repressed by 
miR‑512‑3p, miR‑491 and miR‑671 (57). The involvement of 
FN1 in cancer cell migration and metastasis has also been 
well documented (58). Col1α1 is a major ECM component, 
which affects cell behavior and maintains tissue architecture. 
Protein analysis demonstrated that, following transfection of 
the CD44 3'UTR, the expression levels of CD44, Col1α1 and 
FN1 were synergistically upregulated in vitro and in vivo (57). 
Therefore, the non‑coding 3'UTR of CD44 interacts with 
numerous miRNAs that target ECM properties and activate 
invasion and metastasis. Furthermore, overexpression of the 
VCAN 3'UTR would compete with FN1 for binding to three 
miRNAs, miR‑133a, miR‑431 and miR‑199a*, resulting in 
ectopic invasion and metastasis in human hepatocellular 
carcinoma (14,15).

In addition, Col1α2 was confirmed to be one of the ceRNA 
targets of HMGA2, which also competes for let‑7 binding (44). 
Let‑7 targets Col1α2 and inhibits cell migration in hepatocel-
lular carcinoma (59). These findings suggest that HMGA2 may 
also function as a ceRNA and promote invasion and metas-
tasis. These invasive and migratory phenotypic consequences 
remain to be validated following silencing of HMGA2 or 
overexpression of HMGA2 3'UTR.

Inducing angiogenesis. Angiogenesis, a process which is typi-
cally confined to embryonic development, may be reactivated 
under certain conditions in patients with tumors. The secreted 
protein, vascular endothelial growth factor‑A (VEGFA), 
whose expression may be induced by hypoxia or oncogenic 
signals, is an activator of angiogenesis (60). Analysis of gene 
expression in glioblastoma, in combination with matched 
miRNA profiles, revealed posttranscriptional regulation of 
notable magnitude, comprising >248,000 miRNA‑mediated 
interactions (61). In particular, ectopic expression of PTEN or 
Rb1 3'UTRs induced a 1.5‑fold upregulation of VEGFA, in an 
miRNA‑dependent manner. These data indicated that VEGFA 
functioned as natural miRNA sponge and was involved in the 
posttranscriptional regulation of gene expression. Therefore, 
the determination of whether overexpression of PTEN or Rb1 
3'UTRs promotes angiogenesis by competing for miRNA 
binding with VEGFA in glioblastoma requires experimental 
validation.

Resisting cell death. Three major pathways, apoptosis, 
autophagy and necrosis result in cell death, and highly 
malignant types of cancer are able to attenuate cell death 
and become therapy resistant. In cancer, the role of miRNA 
in drug resistance has been well studied over the last few 
years (62,63). ceRNAs which compete for miRNA binding 

with RNA transcripts involved in these three pathways remain 
to be researched.

4. Conclusion and perspectives

The emerging ceRNA hypothesis is a novel field of RNA 
biology. Studies by several groups have revealed that ceRNAs 
function as posttranscriptional regulators of gene expression 
by decoying miRNAs from other RNA transcripts (4,11,21). 
Protein‑coding RNAs, pseudogenes, lncRNAs and circRNAs 
serve as natural miRNA sponges through sequestration 
of miRNAs. Previously, loss of CD44 expression reduced 
CDC42 as miRNA decoys and promoted proliferation. In 
addition, CD44 competed with FN1 and Col1α1 as a ceRNA 
leading to metastasis in human tumors (37,57). Expression of 
VCAN 3'UTRs reduced tumor growth by competing with Rb1 
and PTEN mRNAs, and contributed to invasion by serving as 
an FN1 ceRNA (13‑15). These findings suggest that tumori-
genesis, accompanied by metastasis and other hallmarks of 
cancer, may be partially attributed to ceRNAs, which compete 
with diverse RNA transcripts for various miRNAs. Further-
more, an equilibrium exists between ceRNAs and miRNAs 
in the post‑transcriptional regulatory network, which when 
perturbed, contributes to disease pathogenesis.

Although the ceRNA field remains in its infancy, the rapid 
discovery of ceRNA‑associated miRNAs and miRNA targets 
has contributed to the development of miRNA‑based thera-
peutics (64). However, certain questions need to be addressed. 
The developing progress of antisense or small interfering RNA 
drugs has been limited by stability, specificity and delivery 
problems. In addition, since a single miRNA is able to recog-
nize and inhibit a large number of target genes, altering a single 
miRNA may affect multiple, unintended genes. Conversely, 
a single gene may be targeted by numerous miRNAs, and 
whether varying one miRNA is sufficient to affect a specific 
gene target remains to be elucidated  (65). The ceRNA 
mechanism provides a novel perspective to gene therapy for 
cancer. ceRNAs are natural miRNA sponges and may possess 
improved biological stability compared with that of miRNAs, 
particularly circRNAs (31,32). In addition, ceRNAs combine 
and sequester multiple miRNAs, and these common miRNAs 
ensure that the specific ceRNA target harboring the common 
MREs will be largely affected. Furthermore, off‑target effects 
are significantly reduced. Taking into consideration the 
undesired gene targets altered by miRNA transduction, the 
expression of mRNA‑associated ceRNAs may be restored to 
physiological levels by ceRNAs, so that miRNAs and mRNAs 
will be balanced. Extensive studies of miRNAs and ceRNAs 
are required, as these may serve as therapeutic targets for the 
treatment of cancer to enhance sensitivity and attenuate drug 
resistance.
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