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Abstract
Pseudogenes, the nonfunctional homologs of functional genes and thus exemplified as ‘genomic fossils’ provide intri-
guing snapshots of the evolutionary history of human genome.These defunct copies generally arise by retrotranspo-
sition or duplication followed by various genetic disablements. In this study, focusing on human pseudogenes and
their functional homologues we describe their characteristic features and relevance to protein sequence evolution.
We recapitulate that pseudogenes harbor disease-causing degenerative sequence variations in conjunction with
the immense disease gene association of their progenitors. Furthermore, we also discuss the issue of functional
resurrection and the potentiality observed in some pseudogenes to regulate their functional counterparts.
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INTRODUCTION
Pseudogenes are now regarded as an important re-

source in evolutionary and comparative genomics

and are considered assets for the studies of evolution-

ary relatedness and protein evolution [1]. It was in

1977, that a genomic region with a homologous

structure of the gene encoding the oocyte-type 5S

RNA of Xenopus laevis was first reported as a pseudo-

gene owing to its 50-end truncation and 14-bp mis-

matches compared with its functional counterpart

[2]. The terms ‘pseudogene’, ‘relics of evolution’

and ‘genomic fossil’ were introduced due to their

analogy with parental genes and acquired nonfunc-

tionality due to loss-of-function mutations or

removal of gene regulatory regions [3, 4]. On the

other hand, other groups of scientists coined a new

term ‘potogenes’ (for ‘junk DNAs’) as the DNA se-

quence within them bear the potential to evolve into

novel genes [5, 6]. The occurrence of the faulty

replicates of normal genes in a genome is still a con-

founding matter. The significant overlapping of the

Ka/Ks values (ratio of nonsynonymous substitutions

per nonsynonymous sites to synonymous substitu-

tions per synonymous sites) among genes and

pseudogenes suggests their functional roles and in

support of that some pseudogenes are even observed

to be transcribed to play regulatory roles in gene

expression [7–11]. Besides, several works on human

genes (associated with diseases) designated pseudo-

genes as the potential regulator of disease progression

[11] capable of controlling tumor suppressors and

oncogenes by acting as microRNA decoys [12, 13].

Apart from all the investigations on pseudogenes,

analyses of the structural and functional attributes

of their composers are also shedding light on the

formation and evolution of the naturally occurring

mutant genes [14, 15]. In this review, we recapture

the story of functional resurrection and disease
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association of the so-called ‘nonfunctional’ or ‘junk’

DNA and their significance in the evolution of

human genome.

HUMAN PSEUDOGENE CLASSES
Pseudogenes, previously depicted as ‘skeletons’ of

long-dead genes residing in our genetic closet [16]

were once functional but are gradually acquiring

deadly injuries to their structures (debilitating muta-

tions) over time and are in the process of decompos-

ition. On the basis of origin and characteristic

features, they are categorized as (i) duplicated or

nonprocessed pseudogenes, (ii) processed or retro-

transposed pseudogenes and (iii) unitary pseudogenes

(Figure 1).

The duplicated pseudogenes arise due to unequal

crossing over between two homologous chromo-

somes (during the process of DNA replication) fol-

lowed by nondeleterious mutations. In spite of

having original promoter or other regulatory regions,

intron and exon sequences intact [1], the erroneous

recombination and subsequent mutations (misplaced

stop codons, insertions, deletions) steer them to the

path of nonfunctionalization. Duplicated pseudo-

genes are frequently found in clusters of analogous

functional sequences on the same chromosome or

adjacent to their paralogous functional genes and

even can be inserted into a different chromosome

[17]. Most of the human immunoglobulin V� light

chain pseudogenes are clustered along with their par-

alogous functional genes on chromosome 22q11.2.

Another two ‘orphan’ human V� light chain

pseudogenes which arose by a single duplication

and translocation event (which occurred before the

divergence of humans and gorillas) are seen to be

present on chromosome 8q11.2. [18], while human

olfactory receptor pseudogenes are dispersed in most

of the human chromosomes by duplication of gen-

omic DNA [17, 19, 20]. A well-studied example of

duplicated pseudogenes is human olfactory receptor

(OR) pseudogene repertoire whose proportion in

that gene family was reported to be significantly

higher in human than in other apes and also signifi-

cantly larger in apes than in the mouse. As an ex-

planation it was suggested that the acquirement of

full trichromatic vision relaxed the need for a sensi-

tive sense of smell, albeit it did not render olfaction

so fundamental and consequently some OR genes

accumulated coding region disruptions while others

are still evolving under evolutionary constraints [21].

All together, through a homology-based approach,

almost 3000 duplicated pseudogenes were identified

in human genome [4].

On the other hand, processed pseudogenes arising

by reverse transcription and reinsertion (back to the

genome) process can also provide molecular records

on the dynamics and evolution of genomes. In this

case, the processed transcript of a functional gene is

reverse transcribed and incorporated into a staggered

chromosome break, followed by DNA synthesis and

repair [22]. The process of reverse transcription and

insertion are guided by the enzymatic machinery of

LINE1 non-LTR retrotransposons [23]. The pro-

cessed ones are derived from mature mRNA prod-

ucts, lack the upstream promoters and are often

entitled as ‘dead on arrival’ [22] because of the

acquired nonfunctionality or loss of function [24]

immediately upon the reinsertion process. Their

structural feature shows total lack of both 50-pro-

moter sequence and introns besides the presence of

small flanking direct repeats and polyadenylation at

the 30-end [1, 17]. Approximately 40% of the pro-

cessed pseudogenes, known as ancestral pseudogenes

(were formed before human and mouse diverged),

stay in a syntenic region preserved in both human

and mouse [25]. The processed or retropseudogenes

[26] earlier speculated as ‘fossilized footprints’ of their

parental gene expression [27] have become of

increasing interest in the field of pseudogene evolu-

tion and comparative genomics since a burst of pro-

cessed pseudogene genesis was observed early in the

primate evolution [28]. Sequencing projects revealed

that mammalian genomes show a preponderance of

processed pseudogenes in the pseudogene popula-

tion [25]. Based on the supposition of nearly

75 000 genes in human, ‘presence of truncation’ cri-

terion (identification of pseudogenes is performed in

the intergenic regions containing loss-of-function

mutations in their potential coding regions, i.e. re-

gions homologous to known protein sequences) [7]

led to an estimate of 23 000–33 000 processed

pseudogenes [29], whereas a lower estimation of

9000–11 000 processed pseudogenes appeared

considering the number of human genes as 30 000–

35 000 (International Human Genome Sequencing

Consortium, 2001). Later on, after the completion

of annotating euchromatic sequence of the human

genome, it seems to encode only 20 000–25 000

protein-coding genes [30] and the most recent esti-

mation of processed pseudogenes in human genome

is �8780 [31]. Chromosome 19 shows the highest
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gene–pseudogene ratio [7] and chromosome 22

alone contains 110 retropseudogenes [32]. Apart

from the ribosomal protein genes which process

the maximum number of that kind of pseudogenes

in human genome, there are some other genes iden-

tified to produce a large number of processed

pseudogenes (Table 1) [4].

Unitary pseudogenes are like ‘vestigial DNA se-

quences’ or genetic relics of genes whose functions

were important in ancestral species but became un-

necessary in modern species. These pseudogenes are

a natural consequence of mutations that failed to be

eliminated by negative natural selection, because the

functions of their products become unnecessary in

present species. The deactivated singleton genes

became fixed in the population by random genetic

drift as unitary pseudogenes [33, 34]. Human

L-gulono-g-lactone oxidase gene (GULO) is fre-

quently used as an instance of this category. The

nonfunctionalization of GULO gene (in Human

and guinea pigs), which is an enzyme that produces

the precursor of vitamin C [35], has happened as a

result of the relaxation of functional constraints that

resulted in less severe selective pressure. It was

hypothesized that the guinea pig and human ances-

tors survived on a naturally ascorbic acid-rich diet

and hence, the loss of the enzyme did not constitute

a disadvantage [33] in them. A few other examples of

human pseudogenes in this category are urate oxi-

dase (an enzyme catalyzing the oxidation of uric acid

to allantoin) [36], Farnesoid x receptor beta (a nu-

clear receptor for lanosterol) [37], cardiotrophin-2

(CTF2), hyaluronoglucosaminidase 6 (HYAL6)

[33]. As a whole, 76 unitary pseudogenes were re-

ported by Zhang et al. [33] identifying the sequence

signature left by genic losses in human and having

functional counterparts in the mouse genome.

EVOLUTIONARY FACETSAND
GENOMICATTRIBUTES OF
PSEUDOGENESANDTHEIR
COMPOSERS IN HUMAN
The theory of positive Darwinian selection asserts

that functionally unimportant genomic regions

have lower rates of nucleotide substitution as muta-

tions in those places do not offer any significant se-

lective advantage [38, 39]. On the contrary, neutral

mutation hypothesis claims higher substitution rate

for the genes, or gene regions, with less functional

importance than the essential regions as the latter

ones undergo stronger purifying (negative) selection

Figure 1: Origin of different kinds of pseudogenes. (A) Duplicated pseudogene: functional genes in a stretch of
DNA are being duplicated and one of them after acquiring loss-of-function mutations at some positions (labeled as
X) becomes a duplicated pseudogene. (B) Processed pseudogene. (C) Unitary pseudogene.
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[40–43]. This latter interpretation of course assumes

that natural selection only plays a significant role

eliminating deleterious variants from populations.

The higher rate of nucleotide substitution at the

third codon positions than the first two ascertains

the neutral mutation hypothesis as most of the

third position substitutions are synonymous and do

not change the encoded amino acids [44–46].

According to the theory of neutral evolution [40],

pseudogenes remain unconstrained by selection, ran-

domly accumulate mutations (insertions, deletions

and substitutions) over time and this neutral nature

of all pseudogenic regions renders them suitable to

determine different forms and rates of neutral se-

quence evolution among different regions in the

genome and even among different organisms [7].

In case the pseudogenes have a functional counter-

part, the presence of one copy of the gene suffices for

the requirements of the organism. Then, the pseu-

dogenic mutations, whether disruptive or not, will

not undergo purifying selection and will have an

equal probability of becoming fixed in the popula-

tion [6, 47–49]. On account of the rapid accumula-

tion of frequent mutations, the pseudogenes usually

degenerate and melt into the background of the

surrounding DNA which has been detected in pro-

karyotes [6, 50, 51]. In contrast, the pseudogenic

regions in eukaryotic genomes avoid full degener-

ation owing to less selective pressure for deletion

[17, 52]. Again, the loci of pseudogene inclusion

also affect their evolution as the incorporation of

some pseudogenes is deleterious for other functional

genes and thus will undergo purifying selection and

are lost. In general, established pseudogenes will

evolve and undergo genetic drift due to the absence

of apparent selection pressures to prevent random

mutations which is supported by the faster evolu-

tionary rate of processed pseudogenes than their

corresponding functional paralogs [17, 53, 54].

Besides the pseudogenes, human genes configur-

ing them are also now coming forth as significant

resources in the study of human protein evolution.

Functionally more important genes are prone to en-

counter stronger selective pressure than the genes

having less functional importance [42]. So, it is inter-

esting to delve the evolutionary features of those

genes which are functionally important but give

rise to nonfunctional duplicated and processed

pseudogenes. Human genes configuring duplicated

pseudogenes act like an essential group of genes as

they were observed to harbor significantly higher

number of highly expressed and hub protein encod-

ing genes (incidentally, hubs are essential for the

maintenance of the network structure and the

genes encoding them are widely expressed and es-

sential for the survival of the organism) [14, 55, 56].

On the other hand, the progenitors of duplicated

pseudogenes were seen to recombine more fre-

quently, be longer genes and yield functionally re-

dundant duplicates corroborating with their highly

evolving nature compared to the other duplicated

genes casting functional genes [14]. As an explan-

ation for their higher rate of evolution, it was specu-

lated that the essential-like nature of the genes

casting duplicated pseudogenes signifies their urge

to increase gene recombination rate in order to ele-

vate the paralog number. It was also supported by the

previous proposition that in mammals, the hub pro-

tein encoding genes display higher gene duplicability

(paralog number) by virtue of their need to be pro-

duced in a high dosage [57] and they may intend to

reserve back-up copy for future defense. Even

though the functional similarity of the duplicate

genes can offer a back-up for gene loss through mu-

tations [58], the redundant copies are not protected

against deleterious mutations and thus are evolution-

arily unstable [59]. Moreover, the progenitors while

increasing the duplicates with redundant functions

may exceed the optimum necessity of the cell. The

redundant copies may result into the dosage imbal-

ance which is deleterious for the cellular integrity

according to the balance hypothesis [60] of proteins

in interaction network. In such a scenario, when the

unstable copies encounter mutations (mutations are

loss of function in nature but the functions are com-

pensated by their functional copies), the duplicated

Table 1: Examples of human genes with large number
of processed pseudogenes

Gene name Number of
processed
pseudogenes

Cyclophilin A 63
Glyceraldehyde-3-phosphate dehydrogenase 52
Nucleophosmin 34
Cytochrome c 31
Histone H3.3 25
Prohibitin 20
Ubiquitin-like protein SMT3B 19
Small nuclear ribonucleoprotein G 18
NADH-ubiquinone oxidoreductase MLRQ subunit 16
Hsc70-interacting protein 14
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genes will escape the filtration process of natural

selection and will be restored in the genome as

duplicated pseudogenes [61].

During the last several years, processed or retro-

pseudogenes are being cataloged and characterized in

many completely sequenced genomes including

human. However, there remains a dearth of reports

on the structural and functional characterization of

the human genes configuring this kind of pseudo-

genes. The pioneering work of Goncalves et al. [29]

focused on 181 human functional genes casting 249

retropseudogenes. Their study delved out a highly

expressed and evolutionarily conserved character of

the retropseudogene ancestors. The genes (forming

processed pseudogenes) were also reported to be

short and GC-poor (GC level: the molar ratio of

guanineþcytosine in DNA), indicating their high ef-

ficiency for retrotransposition. As an explanation of

the aforementioned observations, it was argued that

the mechanism of retropseudogene insertion in-

volves Long Interspersed Nuclear Element (LINE)

reverse transcriptase [23, 62] which is actively tran-

scribed in the nucleus, transported to the cytoplasm

for getting translated and the ribonucleoprotein par-

ticle (including L1 reverse transcriptase) formed

there, is again transported back to the nucleus for

target-primed reverse transcription to carry out ret-

rotransposition [63]. As mammalian LINE elements

were reported to be GC-poor [64], the low GC

content of genes forming retropseudogenes signifies

their high efficiency of reverse transcription using

LINE reverse transcriptase. Moreover, the shorter

coding sequence length (bears a positive correlation

with the number of retropseudogenes per ancestor

gene) also corroborates with the ease of a short se-

quence to get transferred between cytoplasm and

nucleus, to be reverse transcribed and integrated

within the genome with less deleterious effects

[29]. Besides, the high expressivity of the genes con-

figuring processed pseudogenes (which were re-

ported to be evolutionarily conserved) was

elucidated by their high interactivity along with a

predominance of hub protein encoding genes [15].

Again, the higher disorderness of the genes, although

being incompatible with their expression level [65],

was demonstrated as prerequisite of intense network

involvement as the unstructured regions of the trans-

lated forms facilitate the network connectivity [66].

The progenitor genes were also observed to retain

the translated form in a stable configuration (higher

protein stability) which may be due to the fact that

the regions with structural disorder keep up the sta-

bility of proteins invivo through the attachment with

the corresponding target molecules [67]. Besides

being enriched with disordered residues, hub pro-

teins were seen to harbor sequence repeats to enlarge

the available surface area predisposing them for func-

tioning via protein–protein interactome [68], which

is also consistent with the abundance of repeat se-

quence containing genes in the genes with retro-

pseudogenes supporting the presence of protein

disordered regions in them. In addition, a positive

alliance between the mRNA abundance and the

propensity of repeat sequence containing genes sup-

ports the fact that tandem repeats in human genes

(configuring retropseudogenes) can positively regu-

late the level of transcription [69]. On the other

hand, proteins encoded by the progenitor genes

were observed to configure large ribosomal subunits

engaged in transcription-associated jobs which sup-

ports the idea that proteins carrying disordered re-

gions are able to perform some essential functions

directly linked to their structural disorder [70].

Again, it was argued that intrinsically unstructured

regions of a polypeptide segment offer sites for alter-

native splicing as the disordered regions can tolerate

functional or regulatory diversity without any dis-

turbance in the protein sequence [71] and as the al-

ternative splicing event accounts for the quantitative

and qualitative regulation of gene expression [72], it

was hypothesized that progenitor genes go through

an extensive alternative splicing event to form a

number of spliced isoforms elevating the mRNA

abundance level which, together with the higher

extent of endurance (the genes executed a lower

mRNA decay rate), may contribute to enhance the

level of gene expression. The higher mRNA abun-

dance contributes for an elevated reverse transcrip-

tion process which in turn increases the chance for

retro-pseudogenization [15].

A number of genes belonging to the third cat-

egory of human pseudogene series systematically

identified by Zhang et al. (2010) [33] are especially

interesting as they are themselves the functional

genes encountering several disruptive mutations hin-

dering any successful transcription or translation. In

their work, Zhang et al. (2010) [33] reported that

before being pseudogenized, human unitary pseudo-

genes were involved in many different biological

processes (e.g. integrin-mediated signaling pathway)

and their translated forms executed miscellaneous

molecular functions (like endopeptidase activity,
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serine-type peptidase activity, serine-type endopep-

tidase activity, metalloendopeptidase activity and

serine hydrolase activity) at various cellular locations.

Again, analysis on protein domain revealed that two

Pfam domains—reprolysin family propeptide and

reprolysin (M12B) family zinc metalloprotease—are

affluent in the human unitary pseudogenes.

Moreover, it was observed that in the course of evo-

lution (when compared with mouse), the following

five testis-specific genes were pseudogenized in

humans: testicular cell adhesion molecule

1(TCAM1), testis expressed gene 16 (TEX16),

testis expressed gene 21 (TEX21), testis-specific

serine kinase 5(TSSK5) and cytochrome c testis

(CYCT) [73]. Analyses of primate evolution also

show that gene loss by virtue of unitary pseudogen-

ization events occurred at every stage, i.e. from the

human lineage alone to the last common ancestor of

the great apes, the old world monkeys, the new

world monkeys and the tarsiers [33].

FUNCTIONALEVIDENCESOF
PSEUDOGENES
A number of intergenic areas exhibiting transcrip-

tional activity overlap with annotated human

pseudogenes, which implies that some of the

‘nonfunctional’, ‘junk’ pseudogenes may have life

left in them [16]. The high abundance of pseudo-

genes in various species and their evolutionary con-

servation signifies their involvement in important

biological processes [74]. Recent evidences indicate

that some pseudogenes are transcribed into noncod-

ing RNAs and post-transcriptionally modulate their

parental genes by three distinct mechanisms: (i) gene

expression suppression by natural antisense RNA;

(ii) RNA interference by producing short interfering

RNAs (siRNAs) and (iii) act as microRNA decoys

(miRNA) [74] (Figure 2). In 1986, McCarrey and

Riggs [75] were the first to state the possible signifi-

cant role of pseudogenes in morphogenesis as a

source of intracellular inhibitor molecules. They

speculated that nonprocessed pseudogenes (pseudo-

genes with disabling mutations that have been accu-

mulated during the event of gene duplication) can

have the possibility to be transcribed from the op-

posite strand of their corresponding parental genes

and subsequently suppress the translation of the func-

tional counterparts by forming sense–antisense

double-stranded RNAs [74, 75]. Later in 1992, a

human pseudogene TOP1 (Human DNA

Topoisomerase I Pseudogene) was observed to pro-

duce a naturally occurring antisense transcript and

was the first report of unlinked antisense transcrip-

tion (antisense transcripts and their targets are from

different genes) in eukaryotes [76]. Pseudogene

acting as ‘antigene’ was then demonstrated in a

fresh water snail Lymnaea stagnalis, where neural

nitric oxide synthase (nNOS) gene was observed to

be post-transcriptionally regulated by an antisense

transcript encoded by its own pseudogene (pseudo-

NOS) [10]. Another stimulating study by Hirotsune

et al. [8] on the mouse genome showed that

Makorin1-p1, a processed pseudogene of Makorin1,

shows transcriptional activity and regulates the func-

tional gene. But, the work was argued against in

2006 as it was discovered that both Makorin1-p1

alleles are methylated and thus the pseudogene is

an ‘unexpressed or silent pseudogene’, which re-es-

tablished the ‘evolutionary relic’ nature of mamma-

lian pseudogenes [77, 78]. The idea that pseudogenes

can evolve into novel genes was proposed by Proud-

foot [3] and later, Brosius et al. [5] coined the terms

‘potonuons’ or ‘potogenes’ for pseudogenes as they

(pseudogenes) showed the potentiality to be the vast

repertoire of sequences with the ability to shape the

evolution of an organism rather than considered as

merely dispensable genomic noise. This possibility to

contribute sequences for future use or eventually ac-

quire distinctive function [6] can almost resolve the

disparity arising because of the dual face of pseudo-

genes (capability to regulate their functional genes or

staying as junk DNA). Oct4P1 can serve the example

of ‘potonuons’ as it is seen to preserve some aspect of

the parent Oct4 function in stem cells in spite of its

coding sequence truncation [79]. The interdepend-

ence of a gene and its pseudogene is observed during

the knockdown of ABCC6P1 expression, which is a

co-expressed pseudogene of the pseudoxanthoma

elasticum gene ABCC6 and it results in a decrease

of the expression of the later one signifying a regu-

latory interrelation between the parental gene and its

pseudogene [80]. Again, in context of the potential

of human pseudogenes to introduce pathogenic mu-

tations into functional genes by pseudogene-

mediated gene conversion, it was also speculated

that pseudogenes might have served as templates of

multiple, potentially advantageous changes in their

single-copy functional parental genes which eventu-

ally became fixed on the course of evolution [81].

The speculation was based on the comparative ana-

lysis of Hayakawa et al. in 2005 on human sialic acid
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binding Ig-like lectin 11 (SIGLEC11) gene and its

pseudogene with their homologs in the chimpanzee,

bonobo, gorilla and orangutan where they observed

human SIGLEC11 gene to have converted its 50 up-

stream region and exons encoding sialic acid recog-

nition domain (�2 kb) by the closely flanking

SIGLECP16 pseudogene. Thus, in comparison

with other primates, human SIGLEC11 shows

altered substrate binding capacity suggesting an adap-

tive change that could have borne an imperative role

in the evolution of the genus Homo [82].

A recent work by Muro and Andrade-Navarro

[83] revealed the functional relevance of mammalian

pseudogenes in antisense transcription as they illu-

strated the formation of duplicated pseudogenes as

the mechanism of purposeful trans-NATs (trans-
acting naturally occurring antisense transcripts) gen-

eration providing potential regulation of the parental

gene. In support of this, they observed an elevated

selection pressure to preserve the similarity between

the duplicated pseudogene and the parental gene in

the region corresponding to the trans-NAT, suggest-

ing a functional association between the trans-NATs

and the parental gene. Besides, pseudogene can even

function unrelated to its ancestral gene, which is

evidenced for human Xist noncoding RNA gene

which evolved in eutherians by pseudogenization

of the protein coding gene Lnx3 and initiates X

chromosome inactivation [80, 84]. In a broad per-

spective, pseudogenes encoding endo-siRNAs

Figure 2: Different mechanisms of pseudogene function at post-transcriptional level. (A) Transcriptional interfer-
ence between a sense strand mRNA of parental gene and antisense transcript of its duplicated pseudogene leading
to translational inhibition or siRNA generation resulting in gene silencing. (B) siRNAs are generated from hair-
pin/stem^loop structures formed in folded pseudogenic transcripts. (C) Homologous pseudogenes with binding
site (for miRNA) same as that of the parent gene can act as decoy of miRNA. When the pseudogene is lowly
expressed, miRNA pool target parental gene inhibiting its translation. A high level of expression of the pseudogene
sequesters miRNA from the parental gene results in the latter being translated into protein. (C) is modified from
the Figure 1 in the original article by Muro et al. [78].
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endow with a linkage to the evolution of miRNA-

mediated regulation which again may provide in-

sights in the identification of new therapeutic targets

in cancer [13, 85].

DISEASE ASSOCIATIONOF
PSEUDOGENESANDTHEIR
PARENTALGENES
The fascinating work of Poliseno et al. [86] demon-

strated gene expression regulatory interaction be-

tween a gene and its pseudogene and correlated the

presence/absence of that pseudogene with onset of

diseases. They observed that PTENP1, a biologically

active pseudogene of Phosphatase and tensin homo-

log (PTEN) tumor suppressor gene, has the ability to

regulate the cellular levels of the latter by acting as a

perfect ‘miRNA decoy’ for its parental gene. The

pseudogene retains miRNA binding sites, competes

for the binding of many miRNA molecules at once

and consequently rescues PTEN from miRNA-

mediated repression. Thus, underexpression of the

pseudogene results in decreased level of PTEN tran-

scripts leading an abnormal cell proliferation in pros-

tate cancer cells [86]. The de-repression regulatory

ability of PTENP1 was also seen to be abrogated in

DICER-null (Dicer: an endoribonuclease in the

RNase III family) colon carcinoma cells [13, 86]. It

was thus suggested that PTENP1 acts as a bona fide

tumor suppressor gene, hence the locus subjected to

copy number loss (correlates with a decrease in

PTEN) during tumorigenesis. A similar relationship

was also observed between the pseudogene KRAS1P

and its parental oncogene KRAS [86]. A high expres-

sion of BRAF pseudogene was also seen to be corre-

lated with the initiation of goiter formation and then

in the progression of papillary thyroid carcinoma [87].

In this case, it was speculated that the pseudogene

may escape X-inactivation and remains active in

some thyroid tumors. Again, pseudogenes which

are co-localized with their parental genes were seen

to be the potential candidates of gene conversion

event that may produce intriguing candidate disease

genes [11]. The close proximity of pseudogenes and

the parental genes increases the likelihood of recom-

bination between them. Hence, the sequence vari-

ations accumulated in pseudogenes turn out to be

disease causing mutations when they are transferred

to other genes by gene conversion (Table 2) [11, 88–

100]. Gupta et al. [88] reported the recombination

events between the functional gene and its

pseudogene on chromosome 22 as a common cause

of von Willebrand disease in humans. In another

study, Bischof et al. [11] identified 1945 duplicated

pseudogenes of that kind and evaluated their prob-

able function in gene conversion and disease. This

includes: (i) retinitis pigmentosa 9 (RP9) pseudogene

carrying a c.509A4G mutation which gives rise to

p.Asp170Gly substitution, which is again associated

with the RP9 form of autosomal dominant retinitis

pigmentosa (adRP); (ii) inosine monophosphate de-

hydrogenase 1 (IMPDH1) pseudogene encounters a

c.676G4A mutation that forms a p.Asp226Asn sub-

stitution resulting in another type of retinitis pigmen-

tosa (RP10); and (iii) phosphoglycerate kinase 1

(PGK1) pseudogene (PGK1P1) carrying a

c.837T4C mutation which produces a p.Ile252Thr

substitution associated with a phosphoglycerate

kinase deficiency.

Though pseudogenes were observed to harbor

disease causing sequence discrepancies, the involve-

ment of their parental genes with disease still needs

to be explored thoroughly. Recently, we unveiled a

strong association of diseases with the genes casting

pseudogenes in human [101]. We provided evidence

by finding a higher abundance of genes targeted by

disease-associated miRNAs, genes with polymorph-

isms on miRNA target sites, presence of ‘disease

gene-specific’ network properties, afFuence of

dosage sensitive genes and genes having disease caus-

ing nonsynonymous mutations.

DISCUSSION
Pseudogenes, the dysfunctional genomic copies

which remain in the genome for millions of years

Table 2: Examples of human candidate genes for gene
conversion (with their corresponding pseudogenes)
mediated disease

Gene name Disease

IGLL1 B cell deficiency
ABCC6 Pseudoxanthoma elasticum
CRYBB2 Autosomal dominant cataract
CYP21A2 Congenital adrenal hyperplasia
FOLR1 Neural tube defects
GBA Type 2 Gaucher disease
IDS Hunter syndrome
NCF1 Chronic granulomatous disease
PKD1 Autosomal dominant polycystic kidney disease
SBDS Shwachman^Bodian^Diamond syndrome
VWF Type 3 vonWillebrand disease
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are often posited as evolutionary relics. They arose as

functional pieces of genomes but in the course of

evolution, switched off that mode and set down as

‘junk DNA’. Certainly, pseudogenes are considered

among the most persuasive pieces of support for bio-

logical evolution as they appear as left over or plagi-

arized slip-ups from evolutionary predecessors. But

now, instead of being seen as silent relics, many of

them are observed to be transcribed into RNA, some

exhibit tissue-specific patterns of activation and some

function as a source of information for producing

genetic diversity [12]. However, in the context of

pseudogene functionality, it was reported that, tran-

scription from those regions as such does not neces-

sarily imply a functional role, because transcriptional

activation at a particular genomic locus may have a

ripple effect on the neighboring loci [102] which

again can be a possible reason of the pseudogenic

transcriptional activity [103]. Nevertheless, several

lines of evidences are now redefining the ambiguous

margin between the ‘living’ functional genes and

‘dead’ pseudogenes as some of them were observed

to be transcriptionally ‘alive’ and even possessing

biochemical roles [104]. In their very sensible piece

of opinion, Zheng and Gerstein [104] proposed a

new definition, rather classification system, to resolve

the intrinsic paradox of functional pseudogenes.

They named the pseudogenes with intermediate

functionality as ‘Ghost pseudogenes’ and subdivided

them as: (i) Exapted (with new biological function),

(ii) Piggy-back (with novel functions but unrelated

to the hosts) and (iii) Dying pseudogenes (dying

though retaining some transcriptional activity).

Rest of the pseudogenes with no sign of functional-

ity were termed as ‘Dead’. Evidently, pseudogenes

exhibit dissimilarity in their functional potentiality as

a number of them are transcriptionally silent but

others are active, raising the question of whether

they are spurious execution of cellular energy or

instead harnessed by the cell to control coding se-

quences [6]. The issue of retaining some specific

functions, acquiring novel ones or total resurrection

of their original functions [6] is now a matter of inter-

est to the geneticists. Possessing a pseudogene with

such functional potentiality to constructively regulate

the parental genes is also expected to be evolution-

arily conserved [12, 86]. The reports demonstrating

the deregulation of human pseudogenes in disease

progression and the immense association of the pro-

genitor genes of pseudogenes with known disease

genes are just the tip of the iceberg as so many

questions are yet to be addressed regarding the

pseudogene deregulation in human genetic diseases.

Future perspectives
The moniker of ‘genomic nuisance’ had so long re-

strained the pseudogenes from being considered as a

regulatory element in the field of understanding the

biology of health and disease and consequently, the

pseudogene probes were often absent from the com-

mercially available microarray chips [12] which ob-

viously to some extent retarded the advancement of

medical genomics. Accordingly, apposite experimen-

tal designs using next-generation sequencing and

other related transcriptomic studies on pseudogene-

derived transcripts and proper interpretation is truly

required to get a vivid view of their role in the field

of molecular genetics. Obviously, ‘not a nuisance’,

rather the pseudogenes are now ‘making more sense’

in medical genomics. With the advent of the

researches on the human pseudogene composers,

whether it is duplicated or processed or unitary,

exposing the genomic imperatives constraining

their evolution as well as a new facet of their physical

and functional attributes, we will indubitably be able

to trace the probable course of pseudogenization of

human genes and relevance in proteome evolution.

Besides, research on the involvement of human

pseudogenes in the disease domain will unveil a

new stratum of complexity in their functional

roles. Novel findings in this field may introduce

more ‘dead’ genes giving rise to a new dawn of

the dead.

Key Points

� Pseudogenes provide glimpses of the evolutionary chronicles of
human genome.

� The neutral characteristic of all pseudogenic regions renders
them relevant to determine the nature of neutral sequence evo-
lution among different regions in the genome and even among
different organisms.

� Some pseudogenes were observed to post-transcriptionally
modulate their parental genes by three distinct mechanisms:
(i) gene expression suppression by natural antisense RNA;
(ii) RNA interference by producing siRNAs and (iii) act as
miRNAdecoys.

� Pseudogenes can partially retain or totally resurrect their ori-
ginal functions.

� Possessing a pseudogene with functional potentiality to benefi-
cially regulate their parental genes is evolutionarily conserved.

� Pseudogeneswere observed to harbor disease causing sequence
discrepancies over their entirety and recently an immense asso-
ciation of disease genes was unrevealed in the repertoire of the
human genes casting pseudogenes.
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