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While some pseudogenes have been reported to play important roles in gene regulation, little is known about the possible rela-
tionship between pseudogene functions and evolutionary process of pseudogenes, or about the forces responsible for the 
pseudogene evolution. In this study, we characterized human processed pseudogenes in terms of evolutionary dynamics. Our 
results show that pseudogenes tend to evolve toward: lower GC content, strong dinucleotide bias, reduced abundance of tran-
scription factor binding motifs and short palindromes, and decreased ability to form nucleosomes. We explored possible evolu-
tionary forces that shaped the evolution pattern of pseudogenes, and concluded that mutations in pseudogenes are likely deter-
mined, at least partially, by neighbor-dependent mutational bias and recombination-associated selection. 
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INTRODUCTION 

The functions of pseudogenes in gene regulation and ge-
nome evolution have been under debate (Balakirev and 
Ayala, 2003; Pink et al., 2011) since the first example of a 
pseudogene was identified for the 5S DNA of Xenopus 
laevis in 1977 (Jacq et al., 1977). In particular, many inves-
tigations of pseudogenes were triggered by the discovery of 
the regulatory role of mouse Makorin1-p1 pseudogene in 
the expression of its homologous Makorin1 gene (Hirotsune 
et al., 2003). Pseudogenes have been reported in various 
species of mammals, plants, insects, and bacteria (Lerat and 
Ochman, 2005; Harrison et al., 2001, 2003; Zhang et al., 
2003; Thibaud-Nissen et al., 2009). Depending on the types 
of parent genes, pseudogenes are divided into two catego-
ries, pseudogenes generated from protein-coding genes and 

pseudogenes generated from RNA genes. Because of se-
quence degeneration, pseudogenes lose original functions of 
their parent genes. By convention, the loss of function for 
pseudogenes that arise from coding genes means they no 
longer have the ability to code for proteins. Pseudogenes 
that have remained highly similar to their parent genes can 
be detected throughout the genome; however, many 
pseudogenes are likely to have degenerated beyond the de-
tection limit of sequence-similarity search algorithms. With 
respect to the mechanisms by which pseudogenes may arise, 
two major classes are defined: duplicated pseudogenes, and 
processed pseudogenes (or retro-pseudogenes) (Balakirev 
and Ayala, 2003). Processed pseudogenes are thought to be 
non-autonomous retrotransposons most likely produced 
with the assistance of a reverse transcriptase encoded by 
long interspersed elements (Esnault et al., 2000). Compared 
with duplicated pseudogenes, processed pseudogenes ex-
hibit a much higher abundance in mammalian genomes 
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(Zhang et al., 2002). An additional class of pseudogenes 
called unitary pseudogenes has been defined (Zhang et al., 
2010). Unitary pseudogenes are generated by mutations in 
functional genes and have no functional counterparts in a 
genome. Unlike processed pseudogenes, which account for 
a large proportion of the pseudogenes in the human genome 
(Zhang et al., 2003), unitary pseudogenes constitute only a 
small fraction (Zhang et al., 2010).  

The identif ication of a non-trivial number of 
pseudogenes with explicit biological functions has chal-
lenged the popular belief that pseudogenes are non-    
functional and can simply be considered molecular fossils. 
For example, a nitric oxide synthase (NOS) pseudogene can 
regulate the paralogous protein-coding neuronal nNOS gene 
by producing antisense RNA that forms a duplex with the 
nNOS mRNA (Korneev et al., 1999); the mouse Ma-
korin1-p1 pseudogene regulates the stability of the mRNA 
of its homologous Makorin1 gene (Hirotsune et al., 2003); a 
non-coding RNA transcribed from the MYLKP1 pseudo-
gene can inhibit the expression of the transcript of its parent 
MYLK gene (Han et al., 2011); there is evidence of tran-
scription for 10 out of 22 ABC transporter pseudogenes in 
the human genome and siRNA-mediated knockdown of one 
transcribed pseudogene demonstrated the role of the 
pseudogene in the regulation of its protein-coding counter-
part (Piehler et al., 2008); some pseudogenes have been 
shown to generate endogenous small interfering RNAs and 
suppress gene expression via the RNA interference pathway 
in mouse oocytes (Tam et al., 2008; Watanabe et al., 2008), 
rice (Guo et al., 2009), and African Trypanosoma brucei 
(Wen et al., 2011). It was suggested that pseudogenes might 
serve as an alternative source of natural antisense transcripts 
that regulate the activity of the sense transcripts of their 
parent genes. Furthermore, if a pseudogene is transcribed, 
its transcripts can act as competitive endogenous RNAs 
(ceRNAs) that modulate the miRNA-mediated repression of 
other target genes by competing for miRNAs. For example, 
the tumor-suppressor gene PTEN was reported to be regu-
lated by the abundance of its pseudogene (PTENP1) tran-
scripts (Poliseno et al., 2010), though the regulatory effect 
of ceRNAs in vivo has been under debate (Tay et al., 2011; 
Denzler et al., 2014; Broderick and Zamore, 2014). This 

variety of functions already identified may suggest that 
pseudogenes have evolutionary roles, since the evolutionary 
fate of a pseudogene population is always related to its pos-
sible function(s). Over a long evolutionary time-scale, a 
young pseudogene with no function may acquire certain 
functions as it becomes older. If this kind of function acqui-
sition can occur in a non-negligible pseudogene population 
(not just in rare cases), there must be some intrinsic and 
on-going evolutionary forces that drive the evolution and 
determine the fates of pseudogenes. In this respect, it was 
found that Alus, another kind of non-autonomous ret-
ro-transposons, evolve toward enhancers. Specifically, 
transcription factor binding motifs (TFBMs) and epigenetic 
marks such as nucleosome occupancy and histone methyla-
tion displayed increased enrichments in Alu sequences as 
Alus became older (Su et al., 2014). It is then natural to 
consider the possibility that pseudogenes evolve toward 
gene regulatory elements. This possibility can be investi-
gated because several homologous pseudogenes originate 
from a single functional gene, particularly for high- 
transcriptional ribosomal genes and pseudogenes accumu-
late numerous mutations during evolution. A straightfor-
ward approach to investigate the direction of the pseudo-
gene evolution is to evaluate the correlation between 
pseudogene sequence features and their evolutionary dis-
tances.  

RESULTS 

GC content evolution 

The decrease of GC content in pseudogenes was described 
many years ago; however, the underlying mechanism re-
mains obscure. Zhang et al. compared the GC content of 
pseudogenes to that of their functional genes and that of 
their flanking regions; they found that the GC content of 
pseudogenes, in general, reduced toward that of their flank-
ing regions (Zhang et al., 2002). A similar trend was de-
tected for Hoppsigen pseudogenes in this study (Figure 1A). 
Moreover, by sorting the pseudogenes by evolutionary dis-
tance, we observed a decrease in GC content during evolu-
tion for both Gerstein and Hoppsigen pseudogene datasets 

 

 

Figure 1  GC content of pseudogenes decreases during evolution. A, GC content of Hoppsigen pseudogenes decreases towards that of their flanking 
regions. B, Gerstein pseudogenes. C, Hoppsigen pseudogenes. 
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(Figure 1B and C). 
A negative selection hypothesis was proposed to explain 

the decrease in GC content (Zhang et al., 2002). According 
to the hypothesis, the insertion of pseudogenes into the re-
gions, in which the GC content remarkably differs from that 
of inserted pseudogenes can result in instability of the 
chromatin structure, and this kind of insertions are subjected 
to negative selection, which could drive the GC content of 
pseudogenes to decrease and thus resemble their flanking 
regions (Zhang et al., 2002, 2003). The more remarkable the 
difference in GC content between ancestral genes and 
pseudogene flanking regions (surrounding 50-kb regions) is, 
the more rapidly the GC content of pseudogenes decreases 
(Figure 1A). When the flanking regions of pseudogenes are 
redefined as regions of different sizes (15, 30 and 100 kb), 
we observed similar results, suggesting the independence of 
the GC decrease to the analyzed flanking size.  

Dinucleotide bias evolution 

To eliminate the fluctuation effect caused by short sequence 
length in the mutual information calculation, we concate-
nated the pseudogenes in each pseudogene divergence bin 
and calculated mutual information with a non-overlapping 
window of 5,000 bp. The calculated mutual information 
values are all above the corresponding fluctuation limit 
(FL=0.00,159 for 5,000-bp sequence). Our results show that 
mutual information for adjacent dinucleotides (k=0) is re-
markably larger than that for non-adjacent dinucleotides 
(k=1,2…), which is consistent with the short-range domi-
nance of base correlation in genomic sequences (Figure 2). 
More importantly, our results showed that mutual infor-
mation for adjacent dinucleotides (k=0) tends to increase 
during evolution while mutual information for non-adjacent 
dinucleotides (k=1,2…) tends to decrease during evolution 
(Figure 2). Furthermore, mutual information values at k=2, 
5, 8,...,20 are higher than those for other values of k≠0, 
which is a vestige of the 3-bp periodical occurrence of nu-
cleotides in codons (Figure 2). 

Evolution of transcription factor binding motifs 

It has been shown that some non-coding elements in the  

human genome tend to evolve toward functional elements. 
For example, non-autonomous repeats, Alus, were thought 
to be a source of gene enhancers because transcription fac-
tor binding motifs are enriched in the Alu sequences and the 
enrichment increases with their evolutionary age. Apart 
from being a possible source of small RNA-generating ele-
ments, we tested the possibility that pseudogenes evolve 
toward gene regulatory elements by correlating the enrich-
ment of possible TFBMs in pseudogenes with their evolu-
tionary age. We identified possible TFBMs in pseudogenes 
using Match program (Kel et al., 2003) along with a library 
of positional weight matrices from the TRANSFAC 6.0 
database (Matys et al., 2006). We used Match with the fol-
lowing options: “vertebrate matrix”, “high quality” and 
“minimize false positive rate”. After TFBMs were identi-
fied, pseudogenes were divided into three groups based on 
the identity between the pseudogenes and their ancestral 
genes. For each group, enrichment of TFBMs was measured 
by the number of TFBMs in the group divided by the total 
sequence length. There are several clues driving us to con-
sider the possibility that TFBMs in pseudogenes enrich with 
evolutionary time. First, the GC content of pseudogenes 
decreases with evolutionary time and may approach to that 
of TFBMs. Second, the increase of nucleotide correlation in 
pseudogenes during evolution indicates enrichment of short 
motifs in pseudogenes. Our results, however, show that 
there is no enrichment of TFBMs in pseudogenes during 
evolution (Figure 3), suggesting that pseudogenes are not 
likely to evolve toward gene enhancers. Intriguingly, for 
Gerstein pseudogenes, we detected a decrease of TFBMs 
during evolution (Figure 3A). 

Evolution of palindrome abundance 

Palindromes are important motifs that are involved in many 
cellular processes, such as DNA replication and gene regu-
lation (Thukral et al., 1991; Hiratsu et al., 2000). To explore 
the change in palindrome abundance in pseudogenes during 
evolution, we compared palindrome abundances among  
the three pseudogene groups (see “MATERIALS AND 
METHODS” section) that differ in evolutionary distance. 
We identified short palindromes (<10 bp) in pseudogenes 

 

 

Figure 2  Change in mutual information of pseudogenes during evolution. A, Gerstein pseudogenes. B, Hoppsigen pseudogenes. 
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using the Spinnaker program (Lisnić et al., 2005). Palin-
dromes longer than 10 bp are not analyzed because their 
occurrence in the pseudogenes is too small to be statistically 
significant. Palindrome abundance in random sequences has 
been shown to increase as sequence composition deviates 
from GC content of 50% (Liu et al., 2012). Our results, 
however, show that even though the GC content of 
pseudogenes deviates from 50% during evolution, short 
palindromes in pseudogenes do not show any increased en-
richment during evolution (Figure 4). Instead, palindromes 
tend to be depleted from pseudogenes during evolution es-
pecially for Gerstein pseudogenes, suggesting that 
pseudogenes do not evolve toward possible functional se-
quences enriched with palindrome motifs. For Hoppsigen 
pseudogenes, although the old pseudogenes (high diver-
gence group) exhibited a slight increase of palindromes of 
8–10 bp when compared to the medium divergence group, 
there was no evidence of palindrome enrichment for the old 
pseudogenes as compared with their youngest stage (low 
divergence group). 

Evolution of nucleosome positioning signals 

There are several major nucleosome positioning signals 
encoded in genomic sequences. For example, high flexibil-
ity together with the 10-bp periodical occurrence of some 
dinucleotides in sequences can facilitate the nucleosome 
formation by allowing the DNA sequence to bend more 

easily around the histone octamer (Segal et al., 2006; Wang 
et al., 2012). We evaluate whether it is possible that muta-
tions in pseudogenes are selected towards enhancing nucle-
osome positioning signals such as 10-bp periodicity and 
DNA flexibility to regulate the expression of its adjacent 
genes. The evaluation was performed by computing the 
average nucleosome occupancy for each pseudogene using 
our sequence-dependent deformation energy model, and 
compared the nucleosome occupancy between the three 
pseudogene bins with different divergence. Our results 
clearly indicate that the pseudogenes’ ability to form nucle-
osomes decreases during evolution (Figure 5). Nucleosome 
occupancy estimated by Kaplan’s model (Kaplan et al., 
2009) also exhibited a similar trend (data not shown). Be-
cause GC content of a sequence has a strong positive corre-
lation with its nucleosome-forming ability (Tillo and 
Hughes, 2009), it is very likely that that the reduced ability 
to form nucleosomes is caused by GC content decrease in 
pseudogenes. Moreover, in light of the finding that most 
pseudogenes do not tend to evolve towards functional ele-
ments such as TFBMs and palindromic motifs, it seems 
unnecessary for pseudogenes to maintain their high ability 
to form nucleosomes, which are important targets for vari-
ous histone modifications and regulate gene expression.  

High divergence of at-risk pseudogenes 

In some cases, insertion of transposable elements, such as 
 

 

Figure 3  Change in the density of transcription factor binding motifs (TFBMs) during evolution. A, Gerstein pseudogenes. B, Hoppsigen pseudogenes.  

 

Figure 4  Change in pseudogene palindrome density during evolution. A, Gerstein pseudogenes. B, Hoppsigen pseudogenes. 
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Figure 5  Change in the nucleosome-forming ability of pseudogenes during evolution.  

long interspersed nuclear elements, short interspersed nu-
clear elements, and processed pseudogenes, in the genome 
can cause disease (Wei and Cao, 2016). We previously 
showed that homologous pseudogenes tend to cluster in low 
recombinant regions rather than in high recombinant re-
gions, probably because insertion of homologous 
pseudogenes in high recombinant regions is negatively se-
lected due to the risk of ectopic recombination between 
homologous pseudogenes (Liu et al., 2010). If closely lo-
cated homologous pseudogenes indeed posed risk of insta-
bility to the genome, they should decay faster than those 
separated with a long genomic distance in order to reduce 
the risk of instability as a result of purifying (or negative) 
selection. To test this hypothesis, we compared the extent of 
divergence (relative to ancestors) between Hoppsigen 
at-risk and non-risk pseudogenes, defined according to their 
physical location and homology as described in our previ-
ous study (Liu et al., 2010). Specifically, the at-risk 
pseudogenes are homologous pseudogenes that are gener-
ated from the same gene and separated by an interval of less 
than 5 Mb on chromosomes. The remaining pseudogenes 
are called non-risk ER pseudogenes. We identified 598 
at-risk pseudogenes and 4,273 non-risk pseudogenes in 
Hoppsigen dataset. As expected, we detected a higher di-
vergence for at-risk pseudogenes when compared to 
non-risk pseudogenes (Figure 6, t-test: t=6.01, P=1109). 
Furthermore, we also found that closely distributed homol-
ogous pseudogenes exhibit higher divergence when com-
pared to dispersedly located homologous pseudogenes 
(Figure 6, t-test: t=4.55, P=7.3106), suggesting the fast 
mutations in closely distributed homologous pseudogenes 
are likely to be driven by the risk-associated negative selec-
tion, which causes the at-risk pseudogenes highly diverge 
and thus avoid ectopic recombination. It is worth noting that 
closely located homologous segments may be subject to 
stronger gene conversion, homogenizing each copy. There-
fore, the closely located homologous segments are expected 
to be more similar. However, in light of the high divergence 
of closely distributed homologous pseudogenes detected in 
this study, we speculate that this homogenizing effect by 
gene conversion may only happen between two similar ge- 

 

Figure 6  Comparison between at-risk and non-risk pseudogenes with 
respect to sequence divergence. Both divergence from ancestors and 
pair-wise divergence among homologs differ significantly between at-risk 
pseudogenes and non-risk pseudogenes. 

nomic segments that are located close enough to each other 
along the genome. 

We have to point out that our analysis is not quite rigor-
ous because the extent of pseudogene divergence depends 
not only on selection or mutational bias, but also on the age 
of the pseudogenes. Nevertheless, we can reject the possi-
bility that the observed difference in pseudogene divergence 
is caused by pseudogene age by simply assuming 
pseudogenes with different ages have the same distribution 
pattern across the genome, which seems rational as there is 
no evidence of distinct insertion bias between different-
ly-aged pseudogenes. Accordingly, one may also expect 
that the at-risk pseudogenes should decay faster in regions 
of high recombination rates when compared to regions of 
low recombination rates to reduce the risk of ectopic re-
combination. However, after mapping the pseudogenes to 
deCODE sex-averaged recombination map (Kong et al., 
2002) downloaded from UCSC (http://genome.ucsc.edu), 
we did not find such a significant difference in divergence 
of pseudogenes between the two recombination classes 
(t-test: t=0.12, P=0.23). It is possible that when the genomic 
distance between homologous pseudogenes is reduced to a 
certain threshold, they are equally subjected to strong nega-
tive selection, and become less sensitive to recombination 
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variation. Regardless of recombination, it is clear that there 
is some risk-related effect in pseudogene mutation as de-
scribed above, although the effect may influence only a 
small proportion of pseudogenes, such as closely located 
homologous pseudogenes.  

DISCUSSION 

In this study, we attempted to address some questions re-
garding the evolutionary direction of pseudogenes via char-
acterization of pseudogenes with different ages as indicated 
by sequence divergence. In order to characterize pseudo-
gene evolution, the following sequence descriptors were 
used: GC content, mutual information, nucleosome occu-
pancy, abundance of TFBMs and abundance of palin-
dromes. The first three descriptors indeed captured the main 
trends in pseudogene evolution, while no significant differ-
ence was found with respect to motif abundance. In other 
words, once they occur in the genome, processed 
pseudogenes gradually evolve toward low GC content, high 
mutual information, and reduced ability to form nucleo-
somes. The absence of functional motif enrichment in the 
pseudogenes suggests that the evolutionary pattern of 
pseudogenes characterized by the aforementioned de-
scriptors is not driven by selection to increase functional 
elements. Another possible force driving pseudogene varia-
tion is the potential of pseudogenes to produce small RNAs 
by interacting with their homologous counterparts at the 
RNA level after transcription. Though such a phenomenon 
is theoretically possible, there is no evidence to support the 
hypothesis that specific evolutionary forces relevant to 
small RNA biogenesis are responsible for pseudogene mu-
tational patterns. A straightforward approach to test this 
hypothesis would be to analyze the age-related enrichment 
of small RNAs in pseudogenes with transcriptional activity; 
this aspect will be the focus of future research efforts.  

What is the driving force of the observed pseudogene 
evolution? In other words, why do pseudogene GC content 
and ability to form nucleosomes decrease with time, while 
mutual information increases remarkably? We believe that 
the reduced ability of pseudogenes to form nucleosomes is 
caused by the decline in GC content; therefore, we further 
discuss only the possible reasons for the decline in GC con-
tent and for the increase in mutual information. It was sug-
gested that the increase in mutual information can be as-
cribed to neighbor-dependent mutations occurring in 
pseudogenes (Zhang and Gerstein, 2003). Neighbor- 
dependent mutations occur frequently in the human ge-
nome, particularly in non- or less functional regions such as 
pseudogenes, because of an intrinsic mutational bias that is 
generally thought to be related to DNA stability and other 
biological processes such as DNA replication and recombi-
nation/repair (Arndt and Hwa, 2005). Neighbor-dependent 
mutations can cause elevated dinucleotide bias, and hence 
affect mutual information. Notably, our analysis indicated 

that, in pseudogenes, the increase in mutual information is 
not caused by a minor proportion of repeats (data not 
shown). In addition, we point out that, although base corre-
lation (here, the mutual information) in coding sequences is 
likely to become stronger under certain kinds of selection 
and become weaker due to random mutations (Luo et al., 
1998), this is not the case for pseudogenes. If the majority 
of the mutations in pseudogenes are assumed to occur either 
randomly (i.e., without selection of any particular type of 
mutations that have selective advantage), or under some 
kind of selection at population level, as will be discussed 
later on, the above described intrinsic mutational bias of 
DNA can lead to increased bias in the dinucleotide compo-
sition of the pseudogenes.  

As with genome evolutionary patterns in general, the de-
crease in GC content of pseudogenes can also be addressed 
in terms of mutational bias and possible selection, which 
were addressed in our study. A negative selection hypothe-
sis was proposed for the evolution of the base composition 
of Alus towards the composition of their flanking regions 
(Pavlicek et al., 2001). In the negative selection theory, 
Alus are stable in regions with similar base composition, but 
negatively selected if they differ from their flanking regions 
in terms of base composition. A similar hypothesis was pre-
viously invoked to explain the decline in GC content of 
pseudogenes (Zhang et al., 2002, 2003). Our present results 
show that there is another kind of negative selection rele-
vant to genome stability that may partially account for the 
decrease in the GC content of pseudogenes. Namely, the 
results suggest that closely located homologous 
pseudogenes with a high risk of inducing genome instability 
via recombination (i.e., at-risk pseudogenes) are subject to 
negative selection and decay faster than non-risk 
pseudogenes.  

Processed pseudogenes resemble Alu transposons in 
many aspects, such as biogenesis, rapid decay of poly(A) 
tracts over time, high GC content of young elements, etc. 
However, our data indicate that their evolutionary fates dif-
fer significantly. Pseudogenes degenerate toward their 
flanking regions under negative selection, whereas Alus are 
prone to evolve toward enhancers under positive selection, 
even though aforementioned negative selection may still 
affect Alu evolution. In some aspects, the epigenetic marks 
in pseudogenes resemble thouse in Alus, while in other as-
pects they do not. For example, methylation occurs more in 
young Alus. Specifically, CpG sites abundant in Alu regions 
are subject to extensive methylation, and then the methyl-
ated CpGs readily mutate into TpG, as Alus get older. Con-
sidering the high substitution rate from CpG to TpG in 
pseudogenes (Zhang and Gerstein, 2003), it is very likely 
that the methylation dynamics in pseudogenes resemble 
those in Alus. However, given that the distance between the 
methylated sites in pseudogenes and nearby genes is, on 
average, larger than that in Alus, the methylation pattern in 
pseudogenes may have much less impact on the expression 
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of nearby genes. At the level of chromatin structure, older 
Alus are rich in histone modification marks (Su et al., 
2014), which can regulate the expression of nearby genes. 
In contrast, as our data indicate that pseudogenes are less 
occupied by nucleosomes over time, and hence histone 
modification marks in pseudogenes may become scarce 
over time. Unlike pseudogenes, Alu elements, especially the 
older ones, contain many TFBMs (Polak and Domany, 
2006; Su et al., 2014). We think the difference can be as-
cribed largely to two factors: population (or amplification 
capability) and sequence composition. There are approxi-
mately 1.1 million copies of Alu in the human genome, 
which represents a higher abundance than those of both 
pseudogenes (approximately 20,000) and genes that can 
generate processed pseudogenes through retro-transposition. 
Although a large number of Alus might be inactive or less 
active in terms of transcription, it seems evident that Alus 
still have higher capacity of amplification through ret-
ro-transposition than pseudogenes due to their tremendous 
population. It is preferable for the selection to rely on 
easy-to-use repeats like Alu to expand TFBMs, because the 
Alu elements are not only densely distributed in the ge-
nome, but may also be a better source of binding motifs 
than pseudogenes. A similar previous prediction that some 
repeats harbor better binding motifs than random promoter 
templates proved to be true (Bourque et al., 2008). In other 
words, for evolution, Alus provide a way to create numer-
ous similar TFBMs in a short time through their insertion in 
the proximal upstream regions of genes and the inclusion of 
a few subsequent point mutations, if needed, to optimize the 
binding sites. In contrast, an individual processed pseudo-
gene cannot reach a very high copy number, and thus 
pseudogenes are less likely to generally serve as small reg-
ulatory elements. Furthermore, the insertion of 
pseudogenes, most of which are longer than Alus, in the 
vicinity of genes might be subject to stronger negative se-
lection than in the case of Alus (Liu et al., 2010). There 
might be another mutually exclusive interpretation for the 
difference in evolutionary fate between Alus and 
pseudogenes. That is, if pseudogenes are rich in the signa-
tures of binding motifs at their origins, and Alus lack such 
signatures at their appearance, random mutations may result 
in a lower and a higher density of binding sites, respective-
ly, in old pseudogenes and old Alus than in their younger 
counterparts. However, this possibility seems unlikely be-
cause the processed pseudogenes stem from gene mRNA 
transcripts, which may have much less propensity to be 
bound by transcription factors, although a small fraction 
(1.8%) of transcription factor binding sites were shown to 
be located in coding exons (Stergachis et al., 2013). Then, is 
it possible that post-transcriptional regulatory properties 
differ between pseudogenes and Alu elements, leading to 
their distinct evolutionary trajectories? Previous studies 
demonstrated the presence of a large number of endogenous 
siRNAs and piRNAs in mouse oocytes and embryonic stem 

cells, most of which are derived from retrotransposons, bi-
directional transcription, and antisense transcripts (Babiarz 
et al., 2008; Watanabe et al., 2008). It can be hypothesized 
that transcribed pseudogenes having high sequence similar-
ity with their parent genes can serve as a more suitable pool 
of small regulatory RNAs or ceRNAs that can regulate the 
expression of their protein-coding counterparts than some 
other kinds of sources like Alus or long non-coding RNAs. 
Although in some cases, transcribed pseudogenes are 
known to be involved in post-transcriptional regulatory 
networks (Tam et al., 2008; Guo et al., 2009; Poliseno et al., 
2010), a thorough comparative study is required to evaluate 
their relative potential of being a source of small RNA and 
ceRNA, and of global regulatory effect at population level. 
In addition, possible roles of non-coding RNAs, which can 
be derived from pseudogenes, in epigenetic regulation (e.g. 
histone modification and chromatin remodeling) still remain 
an open question (Chen and Xue, 2016). 

The sequencing of the human genome revealed that the 
human genome contains fewer protein-coding genes than 
Arabidopsis thaliana and much fewer protein-coding genes 
than originally expected. Many biologists believed that, to 
achieve the phenotypic complexity of humans, the human 
genome must have complex gene regulatory systems. With 
the discovery of miRNA, numerous other non-coding 
RNAs, as well as pervasive alternative splicing, the above 
idea has been deeply reinforced. Upon publication of the 
results of the ENCODE project (The ENCODE Project 
Consortium, 2012), the authors had assigned functions to 
80% of the human genome, which suggested that most of 
the human genome sequences are functional. Consequently, 
some biologists claimed, with great excitement, that the 
concept of junk DNA is dead (Pennisi, 2012; Ecker et al., 
2012). This view was later criticized by evolutionary biolo-
gists (Eddy, 2012, 2013; Niu and Jiang 2013; Graur et al., 
2013; Doolittle, 2013). What the ENCODE Consortium had 
found was simply that most of the human genome is active. 
“Active” does not equal “functional”. In this context, we 
need to carefully examine each of the major groups of 
so-called functional non-coding sequences. de Souza et al. 
examined the claimed functionality of transposable ele-
ments and found that most are still inconclusive (de Souza 
et al., 2013). Similar attempts have been carried out for 
transcription factor binding sites (Paris et al., 2013), alterna-
tively splicing (Wang et al., 2014), and non-coding RNAs 
(Palazzo and Lee, 2015). In this study, we showed evidence 
that most of the pseudogenes are unlikely to be functional. 
These results contribute to our understanding of the  
genome.  

To conclude, we investigated the evolutionary character-
istics of human processed pseudogenes; we found several 
evolutionary patterns of pseudogenes, and explored the pos-
sible driving forces for pseudogene evolution. Our results 
indicate that pseudogenes evolve toward low GC content, 
strong dinucleotide bias, and reduced ability to form nucle-
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osomes, which can be explained by negative selection asso-
ciated with chromatin structure. In addition, our data sug-
gest that pseudogene population is unlikely to evolve to-
ward functional elements, which contrasts with the trends 
previously found for Alu transposons. 

MATERIALS AND METHODS 

Pseudogene sequences 

We used two datasets of human processed pseudogenes. 
One is composed of ribosomal protein (RP) pseudogenes, 
which are generated from evolutionary conserved RP genes. 
We used this dataset because RP pseudogene family is the 
largest pseudogene family (a set of pseudogenes assigned to 
a gene family) in the human genome (over 2000 
pseudogenes generated from 78 ribosomal protein genes), 
which makes it more statistically helpful for studying 
pseudogene evolutionary characteristics than small-sized 
pseudogene families. We downloaded the primary DNA 
sequences and annotations (hg16-based) for 2,536 RP 
pseudogenes (Zhang et al., 2002) from the pseudogene da-
tabase (http://pseudogene.org). After excluding duplicated 
pseudogenes and pseudogenic fragments, we obtained 1,931 
processed pseudogenes generated from 78 ribosomal protein 
genes. This set of pseudogenes, identified by Gerstein lab, is 
denoted as Gerstein pseudogenes in this study. 

The other set of processed pseudogenes was retrieved 
from the Hoppsigen database (Khelifi et al., 2005). The 
Hoppsigen dataset was shown to be a high-quality ge-
nome-scale pseudogene dataset (Khelifi et al., 2005). Ger-
stein and Hoppsigen pseudogenes were identified by simi-
larity search against the human genome using protein se-
quences and coding sequences of genes, respectively, as 
queries. Multiple alignment results of Hoppsigen processed 
pseudogenes (7,105) were obtained by WWW-Query search 
(http://pbil.univ-lyon1.fr/search/quick_test.php). To analyze 
recombination rates (hg18-based) for Hoppsigen pseudo- 
genes, we successfully mapped 5,055 Hoppsigen processed 
pseudogenes on the human genome (hg18 version) using 
Blat (Kent, 2002).  

A feature (e.g. mutual information) of a pseudogene is 
subjected to two factors: the corresponding feature of the 
gene that generated the pseudogene and the divergence of 
the pseudogene. We did not focus on the influence of an-
cestral genes on pseudogene features, but rather on how 
features of pseudogenes change with their evolutionary dis-
tance (divergence), but. Therefore, we prepared each of the 
pseudogene datasets in a specific manner. We did not 
simply divide pseudogenes into three bins according to 
evolutionary divergence, as it is commonly done. Instead, 
each pseudogene family that contained at least three 
pseudogenes was divided into three equal-sized bins ac-
cording to evolutionary divergence, which constituted three 
pseudogene groups: low divergence, medium divergence, 

and high divergence. The sample size of each pseudogene 
group for Gerstein and Hoppsigen pseudogenes was 651 
and 905, respectively. Pseudogene families with less than 3 
pseudogenes were not included in our analysis. Thus, we 
expected to avoid possible compositional bias caused by 
influence of ancestral genes on corresponding pseudogenes, 
and to assure that results based on this dataset can reflect 
evolutionary characteristics of pseudogenes.  

Divergence of pseudogenes 

We used the divergence of Gerstein pseudogenes, which is 
available at http://pseudogene.org. Based on the download-
ed multiple alignment results for each Hoppsigen pseudo-
gene family (including pseudogenes and corresponding 
protein-coding gene), we computed their divergence from 
corresponding consensus sequences by using MEGA3 
(Kumar et al., 2004) with Kimura’s two-parameter model 
(Kimura, 1980). It is well accepted that a consensus se-
quence obtained from multiple-sequence alignment can 
represent, although roughly, the ancestor of the aligned ho-
mologous sequences. 

Mutual information 

Mutual information (Kullback, 1959) in genomic sequences 
is defined as  

 2 2
,

log ij
ij

i j i j

p
D p

p p
   (1) 

where pi and pj (i, j=A, G, C, T) are, respectively, the proba-
bility of occurrence of nucleotide i and j, and pij is the 
probability of single-base-step occurrence of dinucleotide ij 
in a sequence. Mutual information has also been described 
as base correlation (Luo et al., 1998).  

Generalized mutual information for two nucleotides with 
a distance of k bp (k=0, 1, 2,…) can be defined as  

 ( )
2 ( ) 2
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where D2 quantifies the overall deviation of observed prob-
abilities of 16 dinucleotides from those expected by chance. 
A high value of mutual information indicates a high dinu-
cleotide bias and implicates some biological sense of ge-
nomic sequences that is related to selection or mutational 
bias. Double-stranded versions of mutual information can 
be computed from the sequence concatenated with its in-
verted complementary sequence. Individualized treatment 
for the sense and anti-sense strands of transcriptional se-
quences seems important for substitution pattern analysis in 
light of non-complementarity of substitutions in some ge-
nomes (Singh et al., 2005). However, in most cases, there is 
no significant difference between single-stranded and dou-
ble-stranded sequence descriptors. Furthermore, no evi-
dence of non-complementarity patterns of substitution for 
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human pseudogenes has been reported though a proportion 
of pseudogenes can be transcribed. Therefore, we assessed 
dinucleotide bias from both strands of pseudogene se-
quences. 

Nucleosome occupancy estimates 

In vivo nucleosome positions along the genome are deter-
mined jointly by intrinsic sequence preference, and many 
other non-sequence factors, such as chromatin remodelers, 
transcription factor binding, etc. In our study, we focused on 
the sequence-directed nucleosome formation ability of 
pseudogenes, and therefore we used two sequence-based 
models to predict nucleosome occupancy. One is based on 
deformation energy of DNA molecules (Liu et al., 2015), 
and the other is a bioinformatics method proposed by 
Kaplan et al. 2009. The deformation energy-based model is 
outlined below.  

Nucleosome formation ability is negatively correlated 
with deformation energy of a DNA segment. The bending 
energy of a L-bp sequence was calculated by 
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In the above two equations, (i) and (i) are, respectively, 
the actual roll and tilt angles of the dinucleotide at step i; 
0(i) and 0(i), which are dependent on the dinucleotide at 
step i, are, respectively, the roll and tilt angles without 
torque; and k(i) and k(i) are the dinucleotide-dependent 
force constants; i is the cumulative helical twist at step i, 
counted from the dyad point. A constant helical twist of 
34.8°,  which is the average twist for the 1kx5 X-ray crystal 
structure of nucleosome-bound DNA, was used for all dinu-
cleotide steps (Richmond and Davey, 2003). For a 147-bp 
nucleosomal sequence, only the central 129-bp contribute to 
its bending (Richmond and Davey, 2003). Hence, L was set 
to 129. The empirical parameters of the model including 
force constants (k and k) and equilibrium structural pa-
rameters (0 and 0) for 10 dinucleotides (complementary 
dinucleotides are considered to be the same) were taken 
from Morozov et al. (Morozov et al., 2009). 

Nucleosome occupancy at the jth base-pair site was es-
timated by 
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where Ej is the deformation energy of the segment defined 
from positions j64 to j+64, l=51, and inverse temperature 
 is assumed to be 1 for simplicity. 
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