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Abstract

The concept of competitive endogenous RNA (ceRNA) was first proposed by Salmena and colleagues. Evidence suggests that pseudogene
RNAs can act as a ‘sponge’ through competitive binding of common miRNA, releasing or attenuating repression through sequestering miRNAs
away from parental mRNA. In theory, ceRNAs refer to all transcripts such as mRNA, tRNA, rRNA, long non-coding RNA, pseudogene RNA and
circular RNA, because all of them may become the targets of miRNA depending on spatiotemporal situation. As binding of miRNA to the target
RNA is not 100% complementary, it is possible that one miRNA can bind to multiple target RNAs and vice versa. All RNAs crosstalk through
competitively binding to miRNA via miRNA response elements (MRES) contained within the RNA sequences, thus forming a complex regulatory
network. The ratio of a subset of miRNAs to the corresponding number of MREs determines repression strength on a given mRNA translation
or stability. An increase in pseudogene RNA level can sequester miRNA and release repression on the parental gene, leading to an increase in
parental gene expression. A massive number of transcripts constitute a complicated network that regulates each other through this proposed
mechanism, though some regulatory significance may be mild or even undetectable. It is possible that the regulation of gene and pseudogene
expression occurring in this manor involves all RNAs bearing common MREs. In this review, we will primarily discuss how pseudogene tran-
scripts regulate expression of parental genes via ceRNA network and biological significance of regulation.
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Introduction

miRNAs are short 19-23 nt of RNA transcribed from the endogenous
genome and are found distributed throughout the cells [1]. After tran-
scription, pri-miRNA or pre-miRNA needs to be processed into
mature microRNA. Differing from the other regulation (such as tran-
scriptional activation or repression), miRNAs finely control gene
expression primarily by repressing translation and/or promoting
degradation target RNAs depending on complementary seed length in
miRNAs. RNA degradation occurs when miRNA has a high
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complementary grade to the target RNAs. Considering homolog of
pseudogenes with parental genes, it is possible that pseudogene tran-
scripts can serve as ceRANSs to regulate parental RNAs. For a given
cell, the total transcripts containing similar miRNA response elements
(MREs) can theoretically regulate each other via competitive binding
to common miRNA, and as such serve as miRNA sponge [2, 3]. Com-
petitive capacity generated by absorbing common miRNA results in
decreased miRNA availability or reduced free miRNA levels. This
releases miRNA repression on parental mRNA, dynamically regulating
mRNA translation speed or mRNA stability.

Competitive endogenous RNA (ceRNA) are comprised of protein-
coding RNA, tRNA, rRNA, long non-coding RNA (IncRNA),
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pseudogene RNA and circular RNA [4]. Most ceRNAs have potential
MREs, share common miRNAs and compete for binding common
RNAs according to ceRNA theory [3]. As ceRNA, IncRNA HULC(highly
up-regulated in liver cancer) serves as a miRNA sponge, plays an
important role in regulation of cancer-related genes. It absorbs miR-
372 and releases repression of miR-372 on PRKACB translation.
PRKACB can induce phosphorylation of CREB which control HULC
transcription [5]. It is likely necessary to keep stable/balance of the
feed-back loop. A disruption such as HULC aberrant may contribute
to tumourigenesis.

Pseudogenes are relicts of parental genes, through replication
and mutation during evolutionary process they have lost the function
of encoding for full-length functional proteins [6, 7]. Increasing evi-
dence indicates that pseudogenes are a critical part of the complex,
multi-tier regulatory network governing gene expression [8]. A sys-
tematic analysis of pseudogene transcripts shows that pseudogenes
are genome-widely transcribed from 293 samples including 13 types
of cancer and normal tissue. Some of the pseudogenes could be cate-
gorized into different groups, representing cancer specific, lineage
specific or ubiquitously expressed pseudogenes [9]. This arises a
possibility that the pseudogene transcripts can be developed into a
bio-marker for cancer diagnosis in future. In addition to competing
for binding of miRNAs, some truncated peptides encoded by pseudo-
genes may still play functional roles [10-12]. Pseudogenes have
defined roles in regulating gene expression, and therefore should be
considered as ‘real’ genes. Recent studies show numerous tran-
scripts, including pseudogene RNAs, can up-regulate target gene
expression through competing for binding of common miRNAs which
attenuates miRNA repression of target genes [13-15]. In this review,
we mainly discuss potential relationship between pseudogenes and
parental based on proposed ceRNA network. It is possible that pseu-
dogenes play other biological function along further investigation.

Djebali et al. collected data from 15 cell lines and reported that
74.7% of human genome was primarily transcribed [16]. It is esti-
mated that ~95% of human genome is transcribed under a variety of
spatiotemporal conditions, but protein-coding genes only account
for ~2% of the genome [17]. Furthermore, bi-direction transcription
and transcription pausing of promoter yield various lengths of RNA
that can be spliced into coding RNA and IncRNA [18]. This indicates
that non-protein-coding RNAs may account for major portion of total
RNA and constitute a complex network of competition via miRNAs.
According to GENCODE Release (version 24) (http://www.gencode-
genes.org/stats/current.html), there are 14,505 pseudogenes in
human genome, but it is still unclear whether these pseudogenes
spatiotemporally transcribed. Han et al. identified 9925 pseudogene
transcriptions from 7 type cancer samples of 2808 patients [19]. It
seems to be difficult to distinguish pseudogene transcription from
other long non-coding RNAs, so exact number of pseudogene tran-
scriptions has not been determined. Evolution of IncRNA and pseu-
dogenes have been well reviewed [20]. Both IncRNA and
pseudogene transcripts are able to regulate expression of protein-
coding genes at diverse levels. Here, we focus on the progress that
has been made on understanding how pseudogenes regulate the
expression of parental genes via ceRNA network involved in
tumourigenesis.

186

The relationship between
pseudogenes and parental genes

As protein-coding genes account for only ~2% of human genome, the
other ~95% is often referred a ‘junk DNA’ that is evolutionarily rem-
nants. However, recent studies indicate that most of this junk DNA is
transcribed under different spatiotemporal conditions. As a result,
apart from tRNA and rRNA, most transcripts are non-coding which
include IncRNA, miRNA, pseudogene RNA and circular RNA.

Pseudogenes are remnants of their parental genes that lost
encoding function as a result of gradual mutation [21], such as muta-
tions in regulatory elements and encoding regions. It is believed that
amplification of genes also occurred during evolution, in which the
copy number of a given gene expanded [22]. Some genes may not
have been used for coding protein for a significant period of time
leading to numerous mutations and degeneration into pseudogenes.
At regulation of transcription level, IncRNA mainly recruit epigenetic
modifiers to DNA, leading transcription silence or activation in gen-
ome [23, 24], but pseudogenes most likely regulate parental gene
expression via binding of shared miRNAs. Regulation of pseudogene
expression at epigenetic level, such as DNA methylation, appears to
be independently established apart from parental genes. However, the
level of DNA methylation significantly depends on the status of local
DNA micro-environment [25]. Therefore, it is possible that pseudoge-
nes are not passively remained in revolution. Conversely, they may be
positively selected to remain and play some roles in gene expression
and regulation.

Pseudogene transcripts can generate non-coding RNA and anti-
sense RNA that act as RNA sponges for miRNA [26]. Recent investi-
gation showed that PTEN pseudogene PTENP1 up-regulated expres-
sion level of PTEN by competing for binding to miRNAs shared with
PTEN [27]. As a result, it released PTEN repression in a DICER-depen-
dent manner [13]. Interestingly, two anti-sense IncRNA (asRNAx and
asRNAp) from a locus of pseudogene PTENP1 also modulate PTEN
expression. The asRNAw binds to PTEN promoter region recruiting
DNMT3a and EZH2 to epigenetically down-regulate PTEN transcrip-
tion. However, asRNAB binds to PTENP1 transcript and stabilizes
PTENP1, which serves as ceRNA of PTEN. Consequently, asRNAP up-
regulates in trans PTEN expression via miRNA and PTENP1 [28].
Anti-sense transcription may also occur for other pseudogenes. Pseu-
dogene FLT1P1 of VEGF receptor-1 (VEGFR1) regulates parental gene
VEGFRT, and intriguingly, expression of FLT1P1 anti-sense can inhibit
both expression of VEGFR1 and VEGF-A likely via ceRNA. Knock-
down of FLT1P1 expression represses tumour cell proliferation.
Mechanistically, FLT1P1 may share common miRNA through ceRNA
network [29]. Another anti-sense pseudogene transcript of Oct4 may
epigenetically down-regulate expression of Oct4, Oct4 and Octb pseu-
dogenes [30]. It suggests pseudogene transcripts of both sense and
anti-sense may involve in epigenetic regulation of target genes.

Similarly, human cytochrome P450 gene CYP2A6 and its pseudo-
gene CYP2A7 compete for binding of miR-126* and up-regulate
expression of each other [31]. These findings support that pseudo-
gene transcripts can up-regulate expression of the protein-coding
genes most likely by competing for shared miRNAs. As a category of
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IncRNA, pseudogene transcripts most likely play similar functional
roles on expression of their parental genes via proposed ceRNA net-
work. It is well-documented that 3’UTR of mRNA is main target of
microRNAs that regulate gene expression by repressing translation
[32]. Evidence shows that overexpression 3'UTR of pseudogene
CYP4Z2P increased CYP4Z1 expression [33], probably by acting
through the ceRNA network. Thus, the primary function of pseudo-
gene transcripts is the regulation of parental gene expression through
sequestering common miRNAs and releasing expression inhibition.

In addition, pseudogene transcripts are able to down-regulate
expression of parental genes via other mechanisms. Oct4 pseudo-
gene Oct4P4 forms a complex with SUV39H1 HMTase and HP1a and
epigenetically down-regulates expression of parental gene Oct4, lead-
ing repression of mouse stem cell self-renewal [34]. In this situation,
the pseudogene acts similarly to IncRNAs that participate in forming a
complex with other RNAs and genomic modifiers to epigenetically
modulate DNA transcriptional activity.

Furthermore, transcripts of some pseudogenes encode shortened
peptides which may also be involved in regulating parental gene expres-
sion. Although CLRX.1/NOD24 pseudogene NLRP2P lacks full-length
coding region, it encodes a 45-amino-acid protein which is highly
homologous to Pyrin-only protein 2 (POP2/PYDC2), a regulator of NF-
kb. As a result, NLRP2P peptide inhibits transcriptional activation of NF-
kb and down regulates NF-kb expression [10]. However, it is unclear
whether this regulatory role of the truncated peptide from NLRP2P
pseudogene is representative of other pseudogenes. Many pseudoge-
nes can encode a shortened peptide due to earlier stop codons, but fur-
ther investigation is needed to understand their biological functions.

Pseudogenes as competitive
endogenous RNA

Increasing evidence supports the hypothesis of competitive endoge-
nous RNA, in which RNAs that share common MREs can absorb or
sequester miRNAs, attenuating and/or release suppression of miR-
NAs on protein-coding RNAs. Pseudogene transcripts (as ceRNA)
preserve parental gene mRNA have been further demonstrated from
conserved pseudogenes in mice [35]. It is well-documented that miR-
NAs finely tune mRNA and protein expression levels primarily by
repressing translation through binding to MRE in 3'UTR of mRNAs,
and only complementary small RNA can lead target RNA degraded.
Computational analyses suggest that more than 60% of human pro-
tein-coding mRNAs contain predicted MREs [36, 37]. Further quanti-
tative experimentation revealed the regulation through the ceRNA
network via miRNA availability mainly involved regulation of gene
expression at the transcription factor level [36]. Tight control of tran-
scription factor expression may be an economical and effective
model, as it would serve to regulate expression of numerous down-
stream targets. Quantitative analyses based on mathematical mod-
elling has provided insight into the relationship between miRNA and
ceRNA or among various ceRNAs [38]; however, even with state-of-
the-art bioinformatics it remains difficult to predict the exact nature of
miRNA and target RNA interactions [39]. According to a recent study
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[2], ceRNA regulatory efficiency is based on the ratio of miRNA: tar-
get pool RNAs. In other words, the efficiency of miRNA repression of
a target gene expression depends on the abundance of both miRNAs
and target RNAs. A high abundance of target RNAs will spread the
binding of miRNA across a larger pool and reduce the efficiency of
miRNAs while a low abundance of target RNAs will increase the effi-
ciency of miRNAs [40]. Different algorithms have been employed to
predict interactions of miRNA among common target ceRNA. For
example, starBase v2.0 was used to identified 9000 potential interac-
tions between miRNA and circular RNA, 16,000 interactions between
miRNA and pseudogene RNA and 285,000 interactions between pro-
teins and RNAs [41].

Most miRNAs have multiple targets which are conserved through-
out evolution. In a ceRNA network, a change in the expression level of
any ceRNA transcript level may disturb balance within the ceRNA net-
work. Shao et al. employed bioinformatic methods and found that
disruption of ceRNA network involved in development or progression
of lung adenocarcinoma [42], indicating significance of ceRNA net-
work balance. Potential none-coding targets may diminish the binding
of miRNAs with ‘authentic’ mRNA targets. As depicted in Figure 1,
pseudogene RNAs complete for binding of miRNAs and release the
repression on mRNA transcription.

Pseudogene PTENP1 of tumour-suppressor PTEN, regulated
expression level of PTEN by competing for binding of common
miRNA and releasing PTEN repression in a DICER-dependent manner
[13]. Among ceRNAs, circular RNAs typically play a role as miRNA
sponges. Gircular RNA ciRS-7 contains approximately 70 conserved
MREs, depleting the miRNA pool through sequestering miR-7 and
preventing it from binding to target mRNA [43]. Similarly, circular
RNA CDR1 contains 63 conserved MREs for miR-7, acting as a
miRNA sponge for miR-7 during neuronal development [44]. Ebert
et al. developed an artificial miRNA sponge containing multiple, tan-
dem MREs, expressed within cells. This miRNA sponge is functionally
similar to some circular RNA and releases miRNA repression on
mRNAs [45]. Apart from serving as ceRNAs, circular RNAs may play
other important roles in biological functions [4].

Extensive cross-talk among ceRNA via binding of common, semi-
complimentary miRNA makes it difficult to identify the ‘regulatory effi-
ciency’ of subsets of miRNA to target RNA. However, the complicated
nature of the ceRNA network can be simplified as an autonomous mod-
ule in which there is an inverse correlation in expression level between
all miRNAs and all transcripts, and in contrast, there is positive correla-
tion in expression level among all transcripts but not all miRNAs [46].

Controversially, a systematic analysis on the ceRNA hypothesis
suggested that regulation through the ceRNA network occurred within
a typical cellular environment in vivo. However, it underscored that
the release target repression by competitive binding of ceRNA to
miRNA needs involvement of @ minimum number of MREs. This has
been termed threshold-like effectiveness, and thus low levels of
MREs/ceRNA do not have competitive efficacy on each other [47].
For example, miR-122 is an abundant non-coding small RNA in hepa-
tocytes and its target RNAs are thought to compete for binding in
accordance with the ceRNA hypothesis. In an evaluation assay, the
forced expression of miR-122 binding site needed to release repres-
sion of endogenous target genes was so high that it would never be
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Fig. 1A balance between protein-coding
genes and pseudogenes (ceRNA). (A) In
the context of little or no pseudogene
transcription, expression of protein-coding
genes is significantly repressed by miR-
NAs that would normally be shared by all
transcripts (ceRNA) but are now mainly
absorbed by protein-coding genes; (B) All

transcripts constitute a balanced network
in which protein-coding genes are appro-
priately expressed; (C) When pseudogenes
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reached under normal physiological conditions [47]. These experi-
ments revealed that competitive binding of ceRNA to common miRNA
under normal expression levels is unlikely, although it may occur in
some extreme contexts such as under disease condition.

Other observations indicate that only miRNAs that have high
expression levels can bind to target RNA while low abundant miRNAs
can not compete for binding to target RNA. Thus, ceRNA networks do
not exist in most cells [48]. Mullokandov et al. [49] predicted that
only high abundant miRNAs can execute repression effects on target
RNAs, which would account for less than 40% of entire miRNAS in
the intact cells. It appears that a higher ratio of miRNA to target RNA
generates stronger repression [49]. In summary, further investigation
of an extensive number of diverse cell types is necessary to determine
whether there is sufficient evidence for pseudogenes regulating
expression of their parental viaa ceRNA manner.

Dysregulation of pseudogene
expression in tumourigenesis

Pseudogene expression inhibits cancer
progression

Binding of miRNA to target RNA usually is not 100% complementary,
but a seed region on miRNA is necessary. In ceRNA competitive regu-
latory network, imperfect complementary sequences can provide even
higher competitive effectiveness by more efficiently absorbing and
sequestering miRNA. In fact, imperfect binding may result in miRNAs
binding to MREs for a longer period of time than perfect binding
through which the miRNAs are released after target degradation [50].
This would have a greater propensity to reduce the repression of
miRNA on target RNA, such as mRNAs.
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(ceRNA) are spatially and temporally over-
expressed, pseudogene transcripts
(ceRNA) absorb most miRNAs and
released repression of protein-coding
genes. As a result, expression of the par-
ental genes is significantly increased.

Most ceRNAs (including pseudogenes) contain MREs that can
sequester miRNAs in an imperfect match fashion. Recent studies indi-
cated that many pseudogenes play important roles in regulating paren-
tal gene expression, especially in the expression of oncogenes and anti-
oncogenes in various cancers. It is well-documented the pseudogene
PTENP1 up-regulated expression of PTEN in a DICER-dependent man-
ner [13, 51]. Furthermore, promoter methylation leading to down-regu-
lation of PTENP1 expression facilitates proliferation and invasion of
clear-cell renal cell carcinoma, but up-regulation of PTENP1 expression
inhibits cancer cell survival [15]. It seems likely that PTENP1 transcript
sequesters miRNA21 (shared by PTEN) and releases repression of
PTEN expression [52]. Another member of the ceRNA network,
IncRNA-BGL3 represses transformation of the mouse primary bone
marrow cells induced by Bcr-Abl, which is a fusion gene involved in
chronic myeloid leukaemia. Further experiments showed that IncRNA-
BGL3 and PTEN share common miRNAs, suggesting the IncRNA-BGL3
may promote PTEN expression through binding and sequestering miR-
NAs that repress PTEN mRNA translation [53]. The importance of the
MRE-containing 3'UTR s highlighted in the process of absorbing and
sequestering miRNAs. For example, both tumour suppressor candidate
2 (TUSG2) 3'UTR and its pseudogene can inhibit cancer cell prolifera-
tion and survival via competitive binding of miRNAs which results in
enhanced TUSC2 translation [54]. Suppression of cancer via ceRNA
occurs between different genes as well. FOX01 3’'UTR shares miR-9
with E-cadherin. As a result, overexpression of FOX01 3'UTR enhanced
E-cadherin expression, and in turn inhibited metastasis activity in breast
cancer cells [55]. Similarly, forced expression of the pseudogene Fox-
03P, Foxo3 circular RNA and Foxo3 mRNA all could suppress tumour
growth and cancer cell proliferation and survival [56].

Furthermore, attenuation of onco-miRNAs effectiveness can
reduce risk of cancer development. Both INTS6 and pseudogene
INTS6P1 play roles in repressing hepatocellular cancer by competing
for onco-miR-17-5p binding, which facilitates hepatocellular cancer
initiation and progression [57].
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To evaluate the potential function of pseudogenes in tumours, the
transcription level of 440 pseudogenes was measured in breast can-
cer biopsies. Among them, the expression level of 309 pseudogenes
was significantly altered. Intriguingly, the transcription level of pseu-
dogenes can be used to distinguish cancer samples from control
samples [58]. Expression level of the pseudogenes have a positive
correlation with parental genes, indicating the pseudogenes may play
a ceRNA role in sequestering miRNA and release repression of mRNA
[58, 59]. This makes pseudogenes attractive candidates as biomark-
ers for cancer diagnosis and prognosis, although these preliminary
findings must be further validated.

Pseudogenes facilitates cancer progression

Regulation of gene expression by ceRNA can result in both anti-onco-
gene and oncogene effects in tumourigenesis. The oncogene raf is
necessary for activity of Mitogen-activated protein kinase (MAPKS)
and is implicated in diverse cancer development by maintaining the
activated status of MAPKs. In engineered mouse models overex-
pressing the full-length of B-Raf pseudogene Braf-rs1, or its coding
sequence or its 3UTR, animals developed malignant tumours similar
to human diffuse large B cell lymphoma. Subsequent analyses indi-
cated that pseudogene expression enhanced B-Raf expression via the
ceRNA network by releasing miRNA repression on B-Raf [60]. Simi-
larly, overexpression of versican 3’UTR can up-regulate expression of
versican isoforms V0 and V1, which enhance the development of hep-
atocellular carcinoma in vivo and promote tumour phenotype of
HepG2 cells in vitro [61].

High Mobility Group A (HMGA), also known as ‘architectural tran-
scription factors’, is often highly expressed in pituitary tumours. The
pseudogenes HMGA1P6 and HMGA1P7 serve as ceRNAs which up-
regulate HMGA expression facilitating proliferation and migration in
pituitary tumour cell line [62, 63]. In addition, pseudogenes may be
involved in regulating the aberrant expression of parental genes.
0CT4 is a marker of undifferentiated cells and is aberrantly expressed
in many types of cancer. 0CT4-pg4 is the pseudogene of 0CT4 and is
also highly expression in diverse human cancers. 0CT4-pg4 can func-
tion as a miRNA sponge competing for binding of miR-145. This up-
regulates expression of 0CT4 and induces cancer initiation [64]. Fur-
thermore, high expression of another 0CT4 pseudogene POU5F1B
(POU domain class 5 transcription factor 1B) enhances cancer cell
proliferation and tumuorigenesis in gastric cancer [65].

Complexity of gene expression
regulation

The complexity of molecular networks governing gene expression is
attracting much attention to the multiple levels of regulation that exist
within a cell, including an emerging key role for pseudogene/ceRNA.
For a given protein-coding gene, the regulation of its transcription,
splicing, translation and stability occurs through various different
mechanisms. Regulation of gene expression by competing RNAs via
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miRNA adds a new layer of complexity [6], which will provide us new
insight into understanding the relationship between gene regulatory
networks and disease development. Along with more the established
roles for IncRNA and circular RNA, pseudogenes appear to serve as
important players in the ceRNA network.

In a stable network, expression levels of all transcripts are deli-
cately controlled. Any increase or decrease of an individual transcript
in the network may perturb this balance [66] and a new stability will
need to be re-established. A sternly controlled network is necessary
to avoid severe perturbation that will lead pathological conditions
such as cancer [67]. Pseudogenes are likely to be simultaneously
transcribed with their parental genes and play important ‘buffer’ roles
in regulating parental gene expression. Except sense transcription of
pseudogenes, anti-sense transcripts of pseudogenes also play some
functional roles, such as PTENP1, both asRNA« and asRNAp and
asOct4p can regulate their parental gene expression [28]. Other anti-
sense transcripts of pseudogenes are supposed to be identified and
determined function. To keep expression of all transcripts in a moder-
ate and appropriate level, a regulation system should be elaborately
designed and operated.

Pseudogenes usually show high homology to their parental genes
in sequence, which confers the capacity to potentially bind common
miRNA. In any one ceRNA, there may be more than one MRE for a
given miRNA, but seed anti-sequence of MRE may be subtly different.
Therefore, affinity of miRNA to MRE will vary depending on length or
number of complementary base pairs, which results in alternate
strength of regulatory efficiency. Competition of ceRNA binding to a
given miRNA will produce diverse effects on ceRNA themselves,
including stability and translation speed [51]. Finally, the subcellular
localization of ceRNA and miRNA will also dictate their ability to inter-
act and ultimately exert their effect on gene expression. To date, there
is still much we do not understand about ceRNA networks which are
comprised of all transcripts expressed at any given time in different
cell types and/or at different cellular stages.

Extention of the ceRNA network

Theoretically, as one miRNA may have more than one target RNA, all
transcripts (including pseudogene transcripts) bearing MREs can
connect through ‘ceRNA-miRNA-ceRNA-miRNA-" chain and form a
network (Fig. 2). ceRNAs sharing a common miRNA may interact
directly through the miRNA. However, the ceRNAs that do not share a
common miRNA may indirectly connect together through a chain of
‘ceRNA-miRNA-ceRNA-miRNA-" (Fig. 2). Pseudogene transcripts can
at least consolidate the ceRNA network.

In general, the entire ceRNAs and miRNAs will form a network in
which all ceRNAs and miRNAs either directly or indirectly connect
with each other (Fig. 3). The ceRNAs sharing a common miRNA com-
pete with each other for binding to miRNA and have a strong influ-
ence on their expression. Pseudogene is likely to strongly influence
parental gene, because of their high similarity in sequences. In con-
trast, the ceRNAs that do not share the same MRE will compete
weakly and yield a lower regulatory effect on each other. Since the
whole network is so massive, some regulatory effectiveness among
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Fig. 2 Interactions between ceRNAs via miRNAs. Transcripts A and B, such as parental genes and pseudogenes, share the common miRNA-a, and
would have a strong regulatory effect on each other. In contrast, transcripts A and C do not share the same miRNA, but they have indirect contact
via transcript B, so transcript A and C would have a weak regulatory effect on each other. If A dominantly adsorbs miRNA-a, so B will be able to
adsorb more miRNA-b. As a result, repression of miRNA-b on C will be reduced. Thus, a regulatory interaction between A and C will occur via a
ceRNA chain. As an extention, the farther distance between ceRNAs in the chain, the weaker the regulatory effect would be on each other. Further
complexity is added by imperfect complementary binding between miRNAs and diverse MREs located on ceRNAs in the entire network.

some ceRNAs will be too weak to be detected. Biological function of
the emerging pseudogenes are still to be identified, merging into a
pool of ceRNAs bearing MRESs that are recognized and bound by com-
mon miRNAs. In the future, a better understanding of such networks
or local sub-cellular networks will provide critical insight into the
important relationship between Pseudogene and parental gene
expression.

We must also consider the differences in MRE affinity for a given
miRNA in cells. High-affinity MREs(such as homologous parental
gene and pseudogene) have high competition to ‘sponge’ miRNA
leading to a substantial influence on its rivals. In contrast, low-affinity
MREs have a little or no influence on peer RNAs. If MREs are equal in
affinity for a given miRNA, a larger population of ceRNAs has a
weaker influence on each other when competing for binding of the
shared miRNA. On the other hand, when the population is small
enough (such as comprised of only two MREs) the competitive effect
on each other will be detectable. Thus, increase of pseudogene
expression may decrease repression of miRNAs on parental genes.

Perspective

Taking into account all transcripts as a whole network for the analy-
sis of hiological function, scientists eventually need to identify all
spatiotemporally alterations in MREs within the context of the whole
transcriptome. It is not enough to enhance or knock-down one
miRNA/ceRNA expression to observe biological function change,
because single miRNA/ceRNA may play a very subtle function in the
entire network. A group of relevant transcripts may be integrated
together as one object to analyse their function. Many protein-cod-
ing genes have pseudogenes and many have more than one pseudo-
gene remaining through evolution [68]. Functional analysis of
pseudogenes should be integrated into an entire network of RNAs
where the role of each transcript can be properly determined.
Indeed, this is an enormous undertaking and is unlikely to be
resolved in the near future. Furthermore, considering different sub-
cellular location within specific organelles, some local pseudogene
transcripts or ceRNA network may be present in sub-cellular
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compartments. This will add another level of complexity in under-
standing roles of pseudogene transcripts in the entire ceRNA net-
work.

Available data indicated that interaction among the ceRNA net-
work is involved in diverse biological functions. Due to imperfect pair-
ing of miRNA with target MREs, the regulatory nature of
pseudogenes via ceRNA cannot simply be derived from genomic

Keys: /= microRNAs; AAA// @ ceRNAs

Fig. 3 Formation of a ceRNA network. As proposed by Salmena et al.
[3], all transcriptional RNAs may form an entire network via miRNAs in
a given cell. Pseudogene transcripts constitute a part of this entire net-
work and play regulatory roles in controlling parental gene expression.
As each ceRNA transcript may have more than one MREs and each
miRNA may have multiple target sites, a ceRNA network will form via
interaction between miRNAs and long RNAs.
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sequence. Based on sequence homology, pseudogenes may play bio-
logical functions similar to IncRNAs which have been well reviewed
[69]. In addition to competitive binding of shared RNAs, pseudogene
transcripts are likely to compete for association with RNA binding
proteins. This would then interfere with the potential role of RNA bind-
ing proteins in regulating splicing or stability of the parental genes. It

remains unclear whether pseudogenes compete for transcriptional
modulators or transcription factors which could also affect parental

gene expression at the transcriptional level [8]. In the future, it will be

important to explore the ability of pseudogenes to modulate parental

gene expression at multiple levels under different cellular conditions.
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