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Abstract

Pseudogenes have been known as non-functional molecular relics developed from inactivated genomic mutations while
evolution. However, they have a various function at distinct molecular stages (DNA, RNA and protein) in different biological
events including in cancer and associated with parental-gene-dependently and parental-gene independently. The interactions
of pseudogenes with ancestor genes or other genes alter in their sequences and transcriptional processes. Pseudogene of RNA
sequences have multiple functions in post-transcriptional activities as antisense RNAs, endogenous small-interference RNAs,
and competing endogenous RNAs. Moreover, it also plays vital roles in controlling of its parent genes and other pseudogenes
transcribing into RNA. Pseudogene transcripts make small interfering RNA or decline cellular miRNA level. The current
review focuses on pseudogene functional signature in human genome by regulating the gene expression.
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Introduction

Pseudogenes have been recognised as “relics of evolution”,
due to the homologous to protein-coding genes but lack
protein products (Jacq et al. 1977). It has been noticed that
the most of the human pseudogenes do not have functions,
however about 20% of them show transcriptional activity
(Zhang and Zheng 2014).

The term ‘pseudogene’ was first given by Jacq and his
colleagues explained as a deoxyribonucleic acid (DNA)
sequence resembling to the frog 5S ribosomal ribonucleic
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acid (RNA), which had various deteriorative properties to
render the nonfunctional product of RNA (Jacq et al. 1977).
After that the word ‘pseudogene’ has been frequently used
for those DNA sequences exhibiting two distinct properties:
(a) the similarity of sequences to the functional gene, (b)
deteriorative properties of sequence like its (RNA or pro-
tein) product is nonfunctional. Apart from above explana-
tions, pseudogenes are also severely attenuated gene copies
that could not form a functional product. Nonetheless, many
prokaryotic and eukaryotic genomes have not been fully
sequenced to identify the plethora of pseudogenes in living
organisms for understanding their origins as well as their
role in evolution. Instead of their worthless existence, pseu-
dogenes clued about the subsequent event of DNA evolution.
Presently, the significant role of pseudogenes in gene regula-
tion has been explored and its potent uses are described to
understand the processes in transcriptome evolution.

Noncoding regions of human genome are usually consid-
ered as nonfunctional and labelled as “junk” DNA. Recently,
many researchers have explained that junk DNA also plays
some regulatory roles in biological system. Indeed, pseu-
dogenes are copies of gene lacking coding-sequence e.g.
frameshifts and premature stop codons which has similar
resemblance to functional genes (Tutar 2012).

The formation of pseudogenes has no any definite evolu-
tionary mechanism and incapable to synthesis protein due
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to these events like premature stop codon, splicing errors,
frameshift-causing deletion and insertion. The pseudogenes
could be form by these events (Fig. 1): (1) duplication and
mutation; (2) processing of retrotransposon by insertion and
inactivation of the coding ability (Poliseno 2012). Transcrip-
tion of pseudogenes depends on the genomic location and
it could be processed into short interfering RNAs which
control coding sequences via RNAi pathway or they might
interact with the promoter of parent genes or act as micro-
RNA decoys to control the parent gene.

Formation of pseudogenes in human genome and its role
in evolutionary process as well as in speciation have been
widely studied. As describing the following functions of
the identified pseudogenes have been explored in several
types of human cancer, where pseudogenic DNA, RNA, and
proteins have been differentiated the parental gene-related
and unrelated functions (Fig. 2) (Poliseno et al. 2015). (1)
Exchanging the genomic DNA between pseudogenes and
parental genes through gene conversion or homologous
recombination which promoter also affects the transcrip-
tion of parental gene. (2) Pseudogene derived from RNA
transcription of sense and antisense affect transcription of
the parental gene epigenetically. (3) Pseudogene sense and

DNA

Duplication

antisense transcripts of double-stranded RNA is cleaved into
endogenous siRNAs. Then esiRNAs influence the expres-
sion of parental gene at post-transcriptional level. (4) The
transcribed pseudogene RNA in sense orientation compete
with parental mRNA for the integrating with microRNAs,
RNA-binding proteins (RBPs), and translational machinery.
(5) Pseudogene proteins appear highly homologous to paren-
tal proteins; however, it expresses in a different level e.g.
tissue, cellular, pathophysiological condition. It also carries
gain of-function mutations and eventually which alter the
function of parental proteins even if they are not completely
active. (6) The accumulation of new exons at any side of
processed pseudogenes or in the middle of non-processed
pseudogenes attributes to differentiate the sequence, hence
the function of pseudogenes determines with respect to its
parental genes. (7) The mature pseudogene RNAs is trans-
ferred into microRNAs or translated into antigenic peptides.

The acquisition of a processed pseudogene within other
genes generates several kinds of issues (Fig. 2). When the
insertion site is an upstream intron, then processed pseu-
dogene are co-transcribed with its host gene as a non-cod-
ing fusion transcript. If a protein undergoes for translation,
then it contains only short sequence of pseudogene. The
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Fig.1 The mechanism of pseudogenes evolution a classical pseudogene formation and b processed pseudogene formation
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Fig.2 Diagrammatic sketch of pseudogene functions (Poliseno et al. 2015)

insertions of pseudogenes in upstream introns also alter
transcription of host gene through epigenetic silencing.
If the insertion site has more downstream intron, then the
processed pseudogene is co-transcribed with its host gene
as a coding fusion transcript and the translated protein
contains sequences of both the gene and the pseudogene.
The fusion transcript of the insertion site with 3'-UTR-
expressing exon displays an altered post-transcriptional
regulation. The accumulation of pseudogene in a coding
exon creates an insertional mutagenesis which inhibits the
expression of host gene. Pseudogenes and adjacent genes
are transcribed jointly through read-transcripts and trans-
lated into chimerical proteins. Despite of parental genes,
the pseudogene RNAs as source for esiRNAs also affect
other unrelated genes.

The pseudogenes are considered as genomic loci which
similarity meet to functional genes, although it has not bio-
logically significant because they harbour mutations and
interfere their transcriptional and translational activities
(Poliseno et al. 2010). The advance research and next-gen-
eration sequencing have explored noncoding RNAs, multi-
steps functions of pseudogenic DNA, RNA or protein in
several cancers. Pseudogenes have significant functions in
controlling of transcriptional and post-transcriptional events
and also they are capable to produce the novel genes, hence
acting as a source for gene renewal (Jeter et al. 2009).

In the last two decades, the different types of regulatory
RNAs viz. long RNAs and short RNAs (<200 nucleotides)
have not been identified for protein coding. Now, the long
noncoding RNAs (IncRNAs) is classified as intronic, inter-
genic ncRNAs and natural antisense transcripts (NATs)
(Gutschner and Diederichs 2012). The tiling arrays and
high throughput sequencing approaches revealed only 1-2%
sequences among > 90% of the transcribed human genome
have ability to encode proteins (Carninci 2008). These out-
comes indicate the ncRNAs may involve highly in biological
functional in comparison to protein-coding ones that gives a
sign to be annotated of the noncoding transcribed genome.

The contribution of certain pseudogenes has provided the
stature of underappreciated molecules a new class of regula-
tory IncRNAs participating in physiological and pathologi-
cal events (Wang et al. 2006).

To date around 20,000 pseudogenes have been identi-
fied and which are similar to the number of protein-coding
genes (~27,000) in human (Han et al. 2011). The present
knowledge of genes are ambiguous hence several sequences
once believed inactive have normally functional RNA genes
playing roles in gene silencing either by generating siRNAs
or by altering mRNA levels of functional protein-coding
gene (Sasidharan and Gerstein 2008). Many studies empha-
sized on the pseudogene population and its regulatory roles
are not able to cover all aspects together. To understand the
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adaptation capability of pseudogenes for survival by com-
paring the genes from different organisms is very attractive.
Pseudogenes give a clue of all changes in the genome of spe-
cific organism. The current review describes the functional
activity of pseudogenes in biological system by regulating
the expression of functional genes.

Evolution causing to pseudogenisation

Pseudogenisation is a process of the formation of pseu-
dogene from functional gene during evolution. The most
of events for pseudogenisation are neutral that happen by
arbitrary deposition of mutations in genes where the func-
tional activities are relaxed and sometime it could be adap-
tive. The inactivation of older functional gene stimulates
the organism fitness to the changing environment or genetic
background viz: adaptive pseudogenisation in the human
cysteine-aspartic protease 12 (CASPASE12) gene (Wang
et al. 2006). CASPASEI12 encoding a cysteinyl aspartate
proteinase plays role to inactivate the immune response for
endotoxins. A null CASPASEI2 allele with a point muta-
tion creating a premature stop codon is carried by human
populations residing outside of Africa and 10% of the Afri-
cans and they have functional allele so far. Epidemiological
reports revealed that the null allele is responsible to reduce
the cause for severe sepsis (Saleh et al. 2004), indicating that
the spreading of null allele might have been stimulated by
positive selection (Wang et al. 2006).

Although, pseudogenisation does not create immediate
beneficial effect; it opens up for the future evolutionary
possibilities or events of future evolutionary pathways. The
lack of sarcomeric myosin heavy chain 16 gene MYH16
while human evolution had not beneficial effect during
pseudogenisation process and later on it made consequent
modifications in the cranial morphology, which was not pos-
sible earlier (Stedman et al. 2004). Studies related to pseu-
dogenisation could also be significant dating for evolution-
ary changes in particular phenotypic traits if the relationship
of gene-trait is clear.

The existence of many numbers of a gene copy in human
genome produces gene variants that may have some novel
genes, but they usually cause to birth for pseudogenes. Pseu-
dogenes could be produced from gene mutations, or ran-
dom gene duplications, or retrotransposition of processed
mRNAs back into the genome. Pseudogenes are classified
into three types: (1) unitary pseudogenes, (2) duplicated or
unprocessed pseudogenes and (3) processed or retrotrans-
posed pseudogenes.

Unitary pseudogenes are resulted from spontaneous
mutations in coding sequence abrogate either transcription
or translation of the certain gene. Unitary pseudogenes do
not have complete functional counterparts, is referred as
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ancestral, cognate, or parental genes. Duplicated pseudo-
genes come from irregular gene duplication causing for the
loss of promoters/enhancers or frameshift mutations or pre-
mature stop codons and making them inactive, while paren-
tal genes remain functional. Duplicated pseudogenes are
found around the parental genes. The unitary and duplicated
pseudogenes have intron—exon structures, however, the pro-
cessed pseudogenes from mRNA do not have introns and are
reverse-transcribed into DNAs and eventually reverted back
into the genome at a new position (Xiao-Jie et al. 2015).

Formation of a pseudogene (IncRNA)
from Junk DNA

The word “junk DNA” has been popularised since 2001 at
the time of the Human Genome Project. It has been deci-
phered that only a small portion of the DNA sequences of
the human genome encodes amino acid sequences in pro-
teins synthesis and all those sequences in the genome which
do not encode amino acid in proteins through genetic code
is referred as “junk DNA” (Mathews 2017).

The Encyclopedia of DNA Elements (ENCODE) project
has accounted that maximum 75% of the human genome is
transcribed into RNAs and only 3% of the human genome
encode amino acids for protein synthesis. Due to a long-held
protein-centered bias, several genomic sites are transcribed
into non-coding RNAs (ncRNAs) was identified as ‘junk’ in
the genome associated with transcription regarding as tran-
scriptional ‘noise’ viz lacking biological function (Comings
1972).

Many IncRNAs (long non-coding RNAs) are transcribed
from ‘junk’ regions, and even those holding transposons,
pseudogenes and simple repeats also have essential regula-
tors with biological importance (Gong and Maquat 2011).

The interaction of gene promoters with transcription
factors by action of RNA polymerases switch on for the
transcription (Levine and Tjian 2003). Recently, the
ncRNA transcripts have been identified within the pro-
moter site of many genes (Core et al. 2008; Seila et al.
2008) and pointed that more complicated regulatory mech-
anisms should be considered for the study. By using a til-
ing microarray, it has been focused on the ncRNAs map-
ping in the transcription start site of 56 cell-cycle-related
genes showed high transcriptional activity in the gene pro-
moter site lacking the protein-coding sequences. Among
these IncRNA, the non-spliced 1.5-kb ncRNA PANDA was
transcribed from 5 kb upstream of the CDKN1A transcrip-
tion start site and its biological activity was recognised as
in the DNA damage response. Although CDKNI1A acts
as mediators in cell cycle arrest, PANDA enhances cell
survival against DNA damage by checking the transcrip-
tion factor NF-YA from binding the particular promoters
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of apoptosis-inhibiting genes (Hung et al. 2011). This
suggest that the both cell cycle arrest and anti-apoptotic
genes could be induced from the same locus by following
DNA damage response and this way a complex network
could determine the biological phenotypes. In other study,
it has been shown that a promoter-associated IncRNA
complementary to the rRNA gene promoter interacts to
rRNA gene to form a IncRNA-DNA triplex and this triplex
impedes the binding of transcription termination factor
1 to the TRNA gene and selects DNMT3b to silence it
(Schmitz et al. 2010).

The junk DNA is not only cause for the loss of activity
and also develops a functional treasure in biological systems.
The advance researches in IncRNA showed a transcriptional
treasure that is derived from the region of junk DNA. How-
ever, to date only a small portion of the IncRNAs have been
functionally identified, it is believed that functional treasure
of IncRNAs would be expanded by many advance technolo-
gies for highthroughput screening and functional affirma-
tion. The interactive proteins bind with the transcriptome
data could be highly promoted by photoactivatable ribonu-
cleoside increased crosslinking and immunoprecipitation
(PAR-CLIP) (Hafner et al. 2010); genomic sites of IncR-
NAs could be identified by ChIRP and subsequent DNA
sequencing (Chu et al. 2011); active motifs of RNA could
be determined by RNA-mechanically induced trapping of
molecular interactions (RNA-MITOMI) (Martin et al. 2012);
RNA dynamics could be assessed by live imaging using
engineered fluorescent RNAs (Paige et al. 2011). Due to the
presence of large number of IncRNAs in the human genome,
it could be targeted first on the disease-associated IncRNAs
by approaching to multiple experiments such as expression
analysis. The disease-related SNPs are useful markers to
explore the function of IncRNAs. Moreover, the occurrence
of IncRNAs in such regions are either functionally affected
or altered in their expression levels by certain SNP variants
and hence it can be the culprits underlying the mechanisms
of disease predisposition. Description of such mechanisms
requires an elaborative information on IncRNA structure,
structure—function relationship and a convenient experimen-
tal system to know the small differences.

After exploration of tissue-specific expression patterns
and site-specific action of IncRNAs, the drugs targeting
IncRNAs have achieved more comprehensive therapeutic
potential than conventional drugs. Moreover, the allele-
specific regulatory mechanisms of IncRNAs can be used for
the controlling of the certain gene expression with minimum
adverse effects. Synthetic oligonucleotides having locked
nucleic acid modifications with high affinity and specificity
are employed for the targeted regulation of IncRNA expres-
sion. Unequivocal small molecule chemical compounds
targeting to IncRNA could also be examined as candidates
to hurdle in the IncRNA-protein interaction, or altering the

IncRNA loading onto its target genomic sites (Ling et al.
2015).

The regulatory mechanism in human cells is very com-
plexed, hence it is very difficult to understand the complete
disease phenotype by a single molecule. It could be imag-
ined that in a specific genomic locus may have various kinds
of intertwined transcripts like protein-coding genes, overlap-
ping intronic and noncoding RNAs in the sense or antisense
orientation associated with protein-coding genes. Other
complication in regulatory mechanism are also observed
in human cells with several isoforms caused by alterna-
tive splicing. Hence a loss or gain of a genomic region are
immediately observed in cancer and affect to DNA regula-
tory factors and also in transcriptional region. So, it is very
important to understand the genetic aspects like gene locus,
adjacent genes, chromatin status and target genomic site, for
a functional annotation or therapeutic modifications to check
the cancer (Ling et al. 2015).

Functional activity of pseudogenes

Despite parent gene, the pseudogenes regulate the func-
tion of other gene expression at transcriptional and post-
transcriptional level. The interaction of pseudogene with a
gene promoter viz antisense RNA of pseudogenes combines
with sense-stranded mRNA of homologous parent gene at
the transcriptional level thereby either cease translation or
stimulate for siRNAs formation which could suppress the
expression of the parent gene. The post-transcriptional
events are controlled by pseudogene as functional micro-
RNA decoys, also called as competing endogenous RNA
(ceRNA). Eventually, the positive or negative effect on par-
ent gene mRNAs are produced from competitive activity of
RNA of parent genes and its homologous pseudogenes for
RNA binding proteins (RBPs) and such effects ultimately
depend on the functional nature of RBPs. The alteration in
levels of pseudogene transcripts lead to changes in the par-
ent gene mRNA levels. Hence, it has been explained the
function of pseudogenes as positive or negative regulators
of gene expression.

Positive gene regulators

It seems a positive relation of pseudogene with parent gene.
A well-known mechanism for such activity of the pseudo-
gene is described as: gene regulation by ceRNA through
which the pseudogene transcripts contributes same micro-
RNA response elements (MREs) and compete with the par-
ent transcripts for same microRNAs. This strong evidence
explains about a new event of post-transcriptional regulation
occurring in a different organisms (Bossi and Figueroa-Bossi
2016; Thomson and Dinger 2016). This regulatory system
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shows that the multiple RNA transcripts of pseudogenes and
parental genes have the shared MREs for common microR-
NAs and hence, these transcripts are capable to co-regulate
one another. These evidences also suggests that a number
of IncRNAs involve in ceRNA regulatory network (Zhang
et al. 2013).

Negative gene regulators

As stated above, the stabilized RBPs like HuR interact to
AREs to make the mRNA stabilized. If pseudogenes could
compete with the parent genes for stabilizing mRNAs,
depending on RBPs, then it could be expected that the parent
gene mRNA may likely be less efficient so that the mRNA
level declines. Such competitive behaviour of pseudogenes
function acts as negative gene regulators.

The potential role of pseudogene is described from sev-
eral evidences explaining that the pseudogenes bind with its
functional genes participates in multiple biochemical events
of cells. The pair of genes could regulate the overexpression
of a functional gene mRNA of a pluripotency-associated
transcription factor like Oct4 pseudogene transcript sup-
presses cell differentiation. The downregulation of Oct4
pseudogene RNA antisense enhances the Oct4 level and its
two pseudogenes. These examples provide evidence the pair
of gene regulates the expression of functional gene by com-
bining antisense pseudogene transcripts with sense genic
transcripts (Han et al. 2011).

Small interfering RNA (siRNA) also plays a vital role
in gene expression. It has been reported in mouse oocytes
that siRNA repressing the gene expression is formed from
the folded pseudogenes transcripts through develops hair-
pin structures. The reduction of siRNA producer protein
(Dicer) decreases the levels of pseudogene-derived siRNAs
and stimulates the coding gene mRNAs, which indicated
toward the siRNA-dependent regulation.

The most efficient mechanism of pseudogene activity is
regulating the mRNA stability along with interference fac-
tors. The interaction of transacting molecules with cis-acting
sequences of mRNA provides mRNA stability. The resem-
blance of cis-acting sequences of pseudogenes to functional
gene compete for trans-acting molecules, which reduces the
mRNA stability along with expression (Pink et al. 2011).

Micro RNAs (miRNA) also influence on the mRNA sta-
bility by attaching with 3" untranslated region of mRNA. The
miRNAs decrease the level of gene expression by degrading
the mRNA. PTEN is a tumor suppressor and retaining it at
definite level playing role in prevention of oncogenesis. The
coupled miRNAs regulate both the gene PTEN and pseudo-
gene PTENP1 together. PTENP1 pseudogene interacts with
miRNA and decline the level of miRNA in cells, which pro-
vokes PTEN to escape from miRNA repression regulation
(Pink et al. 2011).

@ Springer

The above evidences explain that pseudogenes silence the
gene by playing significant role in translational interference/
siRNA generation. Moreover, protein coding mRNA and its
related pseudogenes could compete for the stabilizing factors
and/or miRNAs, which changes in protein coding mRNA
expression levels.

Processed pseudogenes in human genome
of both sexes

The large numbers of processed pseudogenes are explored
in human genome with approximately 33% higher in X chro-
mosome than in autosomes indicating that the events for
human oogenesis take longer period than non-mammalian
species. The processed pseudogenes associated with human
Y chromosome contains three origin sites (a) inherited
chromosome from the ancestor, which develops the Y chro-
mosome, (b) transferred chromosome between the X and
Y chromosomes regions of pseudoautosomal and X-trans-
posed sites and (c) retrotransposed of another chromosomes
(Maranda et al. 2019).

The processed pseudogenes are produced from genes of
the Y chromosome while spermatogenesis and they integrate
themselves with many chromosomes. It has been suggested
that about 3 times more density of processed pseudogenes
are found in the euchromatin of the X chromosome than on
the Y chromosome (Maranda et al. 2019).

The lower substrate specificity of L1 reverse transcriptase
is peculiar reason for abundance of processed pseudogenes
in human genome which causes for the retrotranscription of
mRNA into processed pseudogenes and long-lasting pro-
duction of male and female gametes. Male and female germ
cells cause for the large number of production of processed
pseudogenes in human genome (Maranda et al. 2019).

Figure 3, the euchromatic region is comprised into follow-
ing regions: the pseudoautosomal regions, the X-transposed
region, the X degenerate regions and the ampliconic regions
(Maranda et al. 2019). The pairing and recombination of Y
chromosome with X chromosome in course of spermatogen-
esis at particular regions called as pseudoautosomal regions
(PARSs). The PARs short homologous regions located in the
sex chromosomes, lacking strict pseudoautosomal bounda-
ries which reintegrate at a rate ~ 20 times the genome aver-
age (PAR1) and ~ 5 times the genome average (PAR2). The
XTR region of the Y chromosome was transposed from the
X chromosome to the Y chromosome approx. 3—4 million
years ago, after the deviations of humans and chimpanzees
were appeared. Veerappa et al. (2013) explains that some
parts of XTR also involve in seldom recombination because
of gene conversion (Veerappa et al. 2013). The remnants
of X-degenerate sequences derived from the autosome lead
for evolving of the Y chromosome (Skaletsky et al. 2003).
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Fig.3 The picture showing the Y chromosome regions with three
heterochromatic and four types of euchromatic sites: the two pseudo-
autosomal regions, the X-transposed region (XTR), the six X-degen-
erate regions and the three ampliconic regions (Maranda et al. 2019)

The last categories are ampliconic regions associated with
amplified sequences maintaining their very high identity due
to with subsequent gene conversions.

The 18 processed pseudogenes developed from the ances-
tral chromosome are also occurred on the X chromosome in
same pattern and leading to the production of the Y chromo-
some (Table 1) (Skaletsky et al. 2003). The 18 processed
pseudogenes have been identified in mainly three regions
of chromosome like: three in the pseudoautosomal regions,
nine in the XTR and six in X-degenerate regions. The pseu-
doautosomal regions, PAR1 and PAR2, have one and two
processed pseudogenes, respectively. Such frequent recom-
bination between these locations is not able to distinguish
of specific pseudogene from one another. Nine extra pseu-
dogenes are explored in the region of XTR. The processed
pseudogenes are very similar in the region of the X and Y
chromosomes. It has been observed an occasional recombi-
nation (gene conversion) between the identified sequences in
the XTR region of the X and Y chromosomes. Another six
processed pseudogenes on the Y chromosome evolved from
the ancestral X chromosome and are differentiated one the

Table 1 The common processed pseudogenes of X and Y chromo-
somes (Maranda et al. 2019)

Name of gene Expanded name of gene Region
FABP5 Fatty acid binding protein 5 PAR1
USP12 Ubiquitin specific peptidate 12 XTR
RNF19B Ring finger protein 19B XTR
SERBP1 Serpine 1 mRNA binding protein 1 XTR
VDACI1 Voltage dependent anion channel 1 XTR
EIF4A1 Eukaryotic translation initiation factor 4A1 XTR
KRT18 Keratin 18 XTR
RPL26 Ribosomal protein L.26 XTR
DLGAPS DLG associated protein 5 XTR
SRI Sorcin XTR
GOT2 Glutamic-oxaloacetic transaminase 2 Group 4
ASS1 Argininosuccinate synthase 1 Group 4
RPS24 Ribosomal protein S24 Group 4
AGK Acylglycerol kinase Group 4
GAPDH Glyceraldehyde-3-phosphatedehydrogenase  Group 3
GAPDH Glyceraldehyde-3-phosphate dehydroge- Group 2
nase
AMD1 Adenosylmethionine decarboxylase 1 PAR2
TRPC6 Transient receptor potential cation channel ~PAR2

basis of their location in three of the four groups remnant of
the inversions that hinders the recombination between the X
and Y chromosomes.

Relation of pseudogenes with parental
genes

About 2% protein-coding genes are found in human genome
and~95% genes are considered as evolutionarily remnants
that is often referred a ‘junk DNA’. Many studies explain
that most junk DNA is transcribed in several spatiotemporal
circumstances. Inspite of tRNA and rRNA, the most tran-
scripts like IncRNA, miRNA, pseudogene RNA and circular
RNA are non-coding.

Pseudogenes are often known as relics of their parental
genes and lack encoding function causing for mutation in
regulatory elements and encoding regions (Salmena 2014).
The gene amplification while evolution increased the copy
number of gene (Elliott et al. 2013). Some genes might
not have been involved for coding protein at specific time
causing to various mutations and deterioration into pseu-
dogenes. During regulation of transcription level, IncRNA
involves either in silencing of transcription or activating
function of genome by recruiting the epigenetic modifiers
(Ling et al. 2015) and pseudogenes regulate mostly parental
gene expression through binding of shared miRNAs. At the
epigenetic level of expression, the pseudogenes regulate the
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DNA methylation appearing independently apart from the
parental genes. Nonetheless, the DNA methylation level is
associated with the status of local DNA micro-environment
(Davis et al. 2015). Hence, the pseudogenes are not only
caused for revolution and also, they are positively selected
to remain and have significant roles in gene expression and
regulation.

Pseudogene transcripts give rise non-coding RNA and
antisense RNA acting as RNA sponges for miRNA (Chan
and Chang 2014). Recently, it has been investigated that
the PTEN pseudogene (PTENP1) up regulated the PTEN
expression by competing to miRNAs shared with PTEN
(Poliseno and Pandolfi 2015) and gave PTEN repres-
sion in a DICER-dependent manner (Guo et al. 2016). It
is interesting outcomes the two anti-sense IncRNA (asR-
NAa and asRNADb) occurring on the region of pseudogene
PTENPI1 also regulate PTEN expression. The PTEN tran-
scription is downregulated epigenetically when asRNAa
attaches to PTEN promoter region recruiting DNMT3a and
EZH?2. However, asRNAD stabilizes PTENP1 by binding
to PTENP1 transcript and also upregulates to trans PTEN
expression through miRNA and PTENP1 (Johnsson et al.
2013). Anti-sense transcription might have also associated
with other pseudogenes. Pseudogene FLT1P1 of VEGF
receptor-1 (VEGFR1) controls the function of parental gene
VEGFRI1, whereas expression of FLT1P1 anti-sense sup-
presses the expression of both gene VEGFR1 and VEGF-A.
The knockdown of FLT1P1 expression inhibits the tumour
cell proliferation. The other anti-sense pseudogene transcript
of Oct4 also suppress the expression of Oct4, Oct4 and Oct5
pseudogenes (Hawkins and Morris 2010). It has been sug-
gested that the pseudogene transcripts of sense and anti-
sense participate in epigenetic regulation of specific genes.

Also human cytochrome P450 gene CYP2A6 and its
pseudogene CYP2A7 compete for binding of miR-126 that
enhance the expression of each other (Nakano et al. 2015).
These indicate that the pseudogene transcripts also increase
the expression of the protein-coding genes through compet-
ing with shared miRNAs. The microRNAs targeting 30UTR
of mRNA regulate gene expression through repressing the
translation and reveals the overexpression 30UTR of pseudo-
gene CYP4Z2P enhanced CYP4Z1 expression (Zheng et al.
2015). Hence, the main function of pseudogene transcripts
is to regulate the expression of parental gene by accumulat-
ing common miRNAs and releasing expression inhibition.

Moreover, the pseudogene transcripts also suppress the
expression of parental genes by targeting other factors. The
complexes of Oct4 pseudogene and Oct4P4 with SUV39H1
HMTase and HP1a that suppresses the expression of parental
gene Oct4 epigenetically (Scarola et al. 2015). In this way,
the pseudogene has similar role as IncRNAs, which forms a
complex with other RNAs and genomic modifiers for modu-
lation of DNA transcriptional activity epigenetically.
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The transcripts of other pseudogenes encode smaller
peptides involved in regulation of parental gene expression.
Even if CLRX.1/NOD24 pseudogene NLRP2P lacking com-
plete length of coding region encodes a 45-amino-acid pro-
tein is highly homologous to Pyrin-only protein 2 (POP2/
PYDC?2), a regulator of NFkb. In this way, NLRP2P pep-
tide suppresses transcriptional activity of NFkb and inhibits
NF-kb expression (Porter et al. 2014). Several pseudogenes
encode a smaller peptide because of earlier stop codons, but
it is further required to explore their biological role.

Regulation of oncogenic factors
by pseudogene

The high homology of pseudogenes to parental genes facing
challenges in studies is in differentiation of their homolo-
gous genes from their parental genes and individual genome
differences and sequencing. Now a days, several approaches
have been explored for pseudogenes differentiations at DNA
or RNA level (Karro et al. 2007) and reported multiple func-
tions of pseudogene DNAs, RNAs or proteins in different
cancers.

The pseudogenes with certain properties involve in patho-
genesis of human cancer and exhibit cancer-specific expres-
sion (Kalyana-Sundaram et al. 2012). The occurrences of
transcripts of pseudogenes are higher in the cancer tissue
than in the normal tissue (Hwang et al. 2005). In some cases,
transcripts of pseudogene are detected only in cancer, not in
normal tissue.

The inert pseudogenes are subjected to irregular genetic
drift, however, the present studies have provided evidences
for evolutionary conservation of the pseudogene in dif-
ferent mammalians (Khachane and Harrison 2009). The
nonsynonymous to synonymous substitution rate (Ka/Ks)
is applied for determination the evolutionary constraint of
sequence. The Ka/Ks is less than one when the sequence is
under pure selection, equal to one for neutral evolution and
greater than one for positive selection. Theoretically, non-
functional sequences are kept for neutral selection which
Ka/Ks ratios could be equal to one. However, many reports
suggested that overlapping of Ka/Ks values between genes
and pseudogenes indicating the some pseudogenes are under
evolutionary constraint rather than evolving neutrally, but
having support as functional units (Bischof et al. 2006).

The dysregulation of pseudogenes act as oncogenic fac-
tor for developing cancer such as KRASIP (Poliseno 2012)
and also play as major factors in cancer progression (Pink
etal. 2011). Like, NANOG and OCT4 transcription factors
maintain the pluripotency in embryonic stem cells (Taka-
hashi et al. 2007) and their pseudogenes (NANOGP1 and
POUS5F1P1) are unfaithfully expressed in human cancers
(Cantz et al. 2007). Poliseno et al. (2010) reported that the
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pseudogene PTENPI regulates the expression of tumor sup-
pressor PTEN by interacting microRNA involving in bio-
logical events of cancer development (Poliseno et al. 2010).
The BRAF pseudogene as a competitive endogenous RNA
(ceRNA) developed lymphoma in animal model (Karreth
et al. 2015). These evidences provide key insights into the
major role of pseudogenes in cancer biology. However, it
is limited individual pseudogenes, and expecting that more
pseudogenes are involve in cancer programs. So, it requires
performing a subsequent analysis in large sample size of
patient to explore cancer-related pseudogenes. It has been
identified in 13 cancer causing RNA-Seq resource of 293
samples showing correlation of pseudogene expression
with cancer progression (Kalyana-Sundaram et al. 2012).
Although pseudogenes play role as microRNA sponges and

/

Wild type gene

compete with mRNAs to attract microRNAs for interactions
and influence the expression of mRNAs (Tay et al. 2014),
however the biological characteristic and clinical relevance
of pseudogenes act as ceRNAs are not well understood.

Lineage of cancer-specific pseudogene expression

The characterization of pseudogene expression has an ana-
Iytical challenge held by through very close sequence simi-
larity with its respective coding genes. It has been described
a consecutive analysis of pseudogene “transcription” from
an RNA-Seq of 293 samples of cancer and normal tissue,
surprisingly indicating the wide expression of pseudogenes
at genomic level was identified as ubiquitously expressed
or lineage and cancer specific (Fig. 4). By integrating these
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Fig.4 A comparative presentation of the parental genes (wild-type) with respective pseudogenes on chromosomal site and profiling of lineage-

specific pseudogenes expression (Kalyana-Sundaram et al. 2012)
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outcomes, it has provided an evidence that transcribed pseu-
dogenes play an essential role in transcriptional landscape
of cells which are positioned to induce for cellular differ-
entiation and cancer progression significantly (Kalyana-
Sundaram et al. 2012).

The morphology of a growing body indicates the poten-
tial role of pseudogenes in controlling the cognate wild
type gene expression by acting as a source for endogenous
siRNA, competitive inhibitors of translation of wild-type
(WT) transcripts, and dominant-negative peptides. Figure 4
shows that the pseudogene transcription has regulated the
cognate wild-type gene expression by sequestering miRNAs
(Kalyana-Sundaram et al. 2012).

The technical and analytical factors altering the yield
of pseudogene transcripts have no significant correlation
between similarity of pseudogene-WT pairs and pseudogene
yield. The percent similarity is detected from gap penalty
and mismatches in sequences. The distribution of the mis-
matches differentiates the pseudogenes from closely similar
wild-type sequences. Hence, three main factors detect the
pseudogene transcription by RNA-Seq: (a) level of the pseu-
dogenes expression (b) the depth of RNA sequencing, and
(c) complete distribution of mismatches in comparison to
the wild-type (Kalyana-Sundaram et al. 2012).

Lineage-specific pseudogene transcripts are highly effi-
cient for the lineage-specific functions which exhibit biologi-
cal properties as novel resources to differentiate tissue types.
In an experiments, the maximum pseudogenes have been
detected in both cancer and benign tissues suggesting that
cancer samples have transcriptional patterns of pseudogenes
in both lineage and cancer specific (Kalyana-Sundaram et al.
2012).

Conclusions and future prospective

The existence of pseudogenes in human genome ascertains
that they could have a major role in basic physiology of
biological system and disease development. Pseudogenes
are understood as ‘junk DNA’ or ‘genomic fossils’ that are
neither transcribed nor translated into functional proteins.
However, some recent studies suggest that the pseudogenes
are far more than ‘junk’ or ‘non-functional’. These have vital
roles at different levels (DNA, RNA and protein) in health
and various severe diseases progression including cancer.
The pseudogenes are also considered as a reservoir for
gene evolution and protein diversity. Pseudogenes alter the
sequences and transcriptional activities by interacting with
parental genes or other gene loci. The capability of pseudo-
genes for encoding proteins mimic or interfere to functions
of their parental counterparts which shows no major dif-
ferentiation between genes and pseudogenes (Ishiguro et al.
2012). Moreover, the close homology of pseudogenes with

@ Springer

DNA, RNA and protein sequences produces major hindrance
in researches to distinguish between pseudogene and paren-
tal gene.

During results interpretations on the functional experi-
ments of pseudogenes, the caution must be exercised
because in a non-translated pseudogenes encode for trun-
cated proteins (Zhang et al. 2006). Moreover, some pseu-
dogenes regulate function of their protein-coding cousins
that are mediated by noncoding RNAs derived from active
pseudogenes. Whereas all pseudogenes do not exhibit the
biological functions and, however an unexpected regula-
tory positive result from the formation of a pseudogene are
observed and their effect will be conserved. The major part
of pseudogenes has been ignored in the quest to know the
biology of health and disease, to date the pseudogene probes
are often not available in commercial microarrays. Several
evidences stated that dysregulation of pseudogenes produce
sever diseases like diabetes and cancer. The above explana-
tions indicate that the evolution of pseudogenes could be
integrated with mutation and environmental changes. So,
the understanding the evolutionary process of pseudogenes
could unravel the several mysterious things associated with
alteration of physiology and disease development in biologi-
cal system of organisms.
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