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MicroRNAs (miRNAs) play important roles in post-transcriptional gene expression control. To gain
new insight into human miRNAs, we performed comprehensive sequence-based homology search
for known human miRNAs to study the evolutionary distribution of human miRNAs. Furthermore,
we carried out a series of studies to compare various features for different lineage-specific human
miRNAs. Our results showed that major expansions of human miRNA genes coincide with the
advent of vertebrates, mammals and primates. Further system-level analysis revealed significant
differences in human miRNAs that arose from different evolutionary time points for a number of
characteristics, implicating genetic and functional diversification for different human miRNAs dur-
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1. Introduction

MicroRNAs (miRNAs), approximately 22 nucleotides (nt) in
length, are a large family of single-stranded endogenous small
RNAs that are generated via a multi-stage process involving both
the nuclear and cytoplasmic compartments [1,2]. The phylogenetic
distribution and evolution of animal and plant miRNAs have been
studied in recent reports [2-12]. In animals, the expansion of
miRNAs is an ongoing process [5]. Novel miRNA genes are contin-
uously added to the metazoan genome and are maintained within
the genome over vast stretches of evolutionary time [5,6,8]. The
phylogenetic distribution of miRNAs is related to the broad-scale
taxonomic hierarchy of animal relationships [6]. The diversity of
lineage-specific miRNAs may contribute to the phenotypic com-
plexity of lineages during evolution. Recently, Zhang et al. [13]
examined the evolutionary dynamics of the primate-specific
Chr19-linked miRNA family and suggested that this family is of
functional importance to primate development. Similarly, the
phylogenetic history of the miR-17 family of miRNAs, that are
conserved across vertebrates, has been reported to be closely asso-
ciated with the early evolution of the vertebrate lineage [14].

Inter- and intra-species divergence of miRNA genes has been
investigated in recent studies [15,16]. However, little is currently
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known about the genetic and functional divergence potential of
human miRNA genes that have emerged at different evolutionary
time points. In this study, we carried out a comprehensive analysis
of human miRNA gene evolutionary history in terms of individual
genes by a combination of multiple homology search strategies,
and further systematically explored their genetic and functional
divergence, with the aim of improving our understanding of miR-
NAs that have emerged at different evolutionary time points in
the human genome.

2. Materials and methods
2.1. miRNA genes and target genes data sets

All of the human and animal miRNA genes used in this analy-
sis were obtained from the miRBase Sequence Database, release
15.0 (http://microrna.sanger.ac.uk/) [17]. The predicted miRNA
targets were from miRbase [17], miRGen [18] and miRNAMap
[19]. Sethupathy et al. who compared the widely used target
prediction programs found no one program can be considered as
consistently superior to the rest, and suggested that intersection
of the prediction results of these programs can yield improved
specificity with only a marginal decrease in sensitivity relative
to any individual program [18,20]. To reduce false positives, only
targets that appeared in at least two databases were used in our
analysis.
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2.2. Phylogenetic analysis of human miRNAs

To determine the phylogenetic distribution of human miRNA
genes and infer the likely evolutionary origin, we performed com-
prehensive sequence-based homology search for known human
miRNAs to detect both closely-related and distantly-related homo-
logs. First, the human miRNA hairpin sequences were aligned
against all animal hairpin sequences using standalone BLAST
(blastn, version 2.2.27). The hairpin sequences were considered
homologous when they exhibited minimum 85% sequence identity
over an alignment length of at least 70% [21]. Second, we per-
formed alignments by both 5’end matching (nt 2-8) and homology
analysis across complete mature miRNA sequences, comparing hu-
man mature miRNA sequences against all known animal mature
miRNA sequences. The mature sequences were accepted as homo-
logs of a human mature miRNA when positions 2-7 of the seed se-
quence must be identical and the remainder of the alignment may
contain no more than three mismatches [22]. Since the data may
be biased because a few species are represented in miRBase and
independent surveys for miRNAs have been conducted only for a
few organisms, so we further carried out exhaustive homology
search carefully. All human miRNA hairpin sequences were blasted
against the available metazoan genomes available in UCSC Genome
Bioinformatics (http://genome.ucsc.edu) [23].

2.3. Genomic enrichment analysis

The genome coordinates of human miRNAs were determined
from the miRBase Sequence Database (http://www.mirbase.org)
[17]and the UCSC Genome Bioinformatics (http://genome.ucsc.edu)
[23]. To examine the genomic distribution of human miRNA genes
that emerged at different evolutionary time points and those of their
corresponding targets, we performed genomic enrichment analysis
based on the cumulative hypergeometric test, using the formula:

M\ /(N-M
P(X>m)l—iw

< ()

where N is the number of all miRNA genes or target genes, n is the
number of miRNA genes or target genes located on a specific chro-
mosome, M is the number of lineage-specific miRNA genes or target
genes regulated by lineage-specific miRNAs, m is the number of
lineage-specific miRNA genes located on a specific chromosome or
the number of target genes regulated by lineage-specific miRNAs
located on a specific chromosome. P-values were calculated to indi-
cate if miRNA genes had emerged at different evolutionary time
points or if their targets are enriched on specific chromosome. A sig-
nificance level of 0.01 was set in our analysis.

2.4. The human miRNA disease database

The relationship between miRNAs and disease was retrieved
from the miR2Disease database (http://www.mir2disease.org/)
which is a manually curated database and provided a comprehen-
sive resource of miRNA deregulation in various human diseases
[24]. We counted the number of different lineage-specific human
miRNAs that associated with at least one disease and the number
of diseases that associated with different lineage-specific human
miRNAs.

2.5. Network analysis

The human protein-protein interaction data were obtained
from the Human Protein Reference Database (HPRD; http://

www.hprd.org/) [25]. For each set of lineage-specific miRNA genes,
we defined two types of microRNA-regulated PPI network, termed
as LO network and L1 network. LO network are composed of all of
the target proteins regulated by lineage-specific miRNA genes.
Then LO network are extended by adding the interacting proteins
with target proteins, noted as L1 network. To characterize the roles
that different lineage-specific human miRNAs play in the human
PPIN, we performed systematic analysis to compare topological
properties of networks regulated by lineage-specific miRNA genes
such as degree, clustering coefficient, betweenness centrality,
closeness centrality and characteristic path length.

3. Results and discussion
3.1. Evolutionary distribution of human miRNAs

miRNA genes have been found to be widely distributed in ani-
mals [11]. Many previous studies have characterized the phyloge-
netic distribution and evolutionary dynamics of miRNA genes
across various metazoan genomes [5,6,8,11,12,22,26,27]. Here,
we mainly focused on examining phylogenetic distribution of
human miRNA genes and inferring the likely evolutionary origin.
To study the evolutionary distribution of human miRNA genes
listed in the miRBase database, we first traced the phylogenetic
history of these genes and determined evolutionary emergence
by a combination of multiple homology search strategies. Then
we mapped each human miRNA gene to the ancestral phylogenetic
branch. According to the time of evolutionary emergence, all hu-
man miRNAs genes and miRNA families were classified into nine
distinct age groups: metazoan, bilateria, deuterostoma, chordate,
vertebrata, mammalian, primates, hominidae and human-specific.
The evolutionary distribution of human miRNA genes are
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Fig. 1. Evolutionary distribution of human miRNA genes and miRNA families. (A)
Evolutionary distribution of human miRNA genes. (B) Evolutionary distribution of
miRNA families. Black pane represents number of new miRNAs family and blue
pane represents the ratio of the number of miRNAs in new family to total number of
miRNAs in each group. The information of animal miRNA family is from the
miRBase Sequence Database.
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Table 1
The evolutionary distribution of human miRNA families.

Metazoan Bilateria Deuterostoma Chordata Vertebrata Mammalian Primates Hominidae Human-specific
miRNAs? 2 49 11 18 144 276 390 40 10
miRNA familyb 1 21 3 9 72 164 153 12 1
New miRNAs® 2 47 10 15 139 247 263 19 4
Ratio? 100% 95.9% 90.9% 83.3% 96.5% 89.5% 67.4% 47.5% 40%

¢ The number of miRNAs arising from different evolutionary lineages.
5 The number of miRNA family arising from different evolutionary lineages.
¢ The number of miRNA in new miRNA family.

4 The ratio of miRNA in new miRNA family to the number of miRNAs arising from different evolutionary lineages.

presented in Fig. 1. We found that miR-99a and miR-100, belong-
ing to miR-99 family, is the most ancient miRNAs and can be traced
back to metazoan. 49, 11 and 18 human miRNAs were found to
originate from the bilateria, deuterostoma and chordata lineages,
respectively. As shown in Fig. 1A, human miRNA genes emerged
from the vertebrate lineage showed a marked increase and reached
a peak in the primate lineage. Hertel et al. [5] demonstrated that
major expansions of the metazoan miRNA emergence coincides
with the advent of bilaterians, vertebrates and mammals. How-
ever, in our study, major expansions of human miRNA genes coin-
cide with the advent of vertebrates, mammals and primates.
Furthermore, a burst expansion of human miRNA genes was ob-
served in primates. Sempere et al. [6] identified three miRNAs that
are unique to the human genome. Here we extended their results
and identified 10 human-specific miRNAs whose homologs were
not found in other animal genomes. These data suggested that
most of human miRNA genes are younger in animal evolutionary
history, and strongly support the idea that evolutionary young
miRNAs are a common phenomenon [5,28,29]. Meantime, these re-
sults also suggested that emergence of miRNA genes is an ongoing
progress and novel miRNA genes are continuously added to the
metazoan genome over time with little secondary loss [5,6,22].
Moreover, we further studied the evolutionary distribution of
human miRNA families (Fig. 1B and Table 1), and found that major
expansions of the new human miRNA family emergence also coin-
cides with the advent of vertebrates, mammals and primates.
Heimberg et al. [8] found that a greatly expanded set of miRNAs
have occurred in vertebrates as compared with bilaterian inverte-
brates and also identified 41 miRNA families evolved at the base of
vertebrate. However, in our study, we revealed 72 miRNA families
emerged from the vertebrate lineages, and further found that the
number of the new human miRNA family reached a peak in the
mammalian lineage. The evolution of these novel miRNA families
is intimately tied to the evolution of novel cell types [6,8,22].
Moreover, we also observed that a small fraction of novel miRNA
emerged at different time points are copies of members of ances-
tral families except for metazoan and human-specific. The emer-
gence of these new miRNA genes which are copies of members
of ancestral families could be due to genome duplication events
(GDEs), including the occurrence of tandem duplications and
non-local duplications, which increased diversity of miRNA genes
[22]. Further analysis revealed that a large portion of novel human
miRNA genes emerged at different time points are copies of new
families, suggesting that novel miRNA genes often experience gen-
ome duplication events. We further examined the ratio of the num-
ber of miRNAs in new family to total number of miRNAs in each
group (Fig. 1B). As shown in Fig. 1B, we also observed that mem-
bers of new families emerged at different time points tend to be
new miRNAs, suggesting after arising, novel miRNA genes often
experience genome duplication events to forming gene families.
However, a large portion of novel human miRNA appeared early
in evolution are copies of new families. In contrast, most of miRNA
genes appeared relatively late in evolutionary history are not cop-

ies of new miRNA families but are single miRNA genes (Table 1).
For example, we found that 52.5% of new miRNA genes emerged
from the hominidae lineage and 60% of human-specific miRNA
genes are not copies of new miRNA families or ancestral families
but are single miRNA gene, which is much higher than the average
rate of 23.6%. These results suggested that new miRNA genes ap-
peared more recently in evolutionary history have not yet experi-
enced or less experienced GDEs, and the contribution of gene
duplication for the formation of new miRNA genes is greater in
early stage of evolution than in late stage. The generation of new
miRNA genes appeared more recently in evolutionary history is
likely due to random hairpin structures which accumulate nucleo-
tide changes to become miRNA genes which are consistent with
previous results obtained by Hertel et al. [5]. Hertel et al. [5] found
that most of miRNA families in vertebrate genomes can not be
traced back to an bilaterian, and concluded that miRNA can arise
as de novo genes [5].

3.2. Sequence characteristics of different lineage-specific human
miRNAs

The sequence characteristics of pre-miRNAs and mature miR-
NAs in plants and animals have been reported in recent studies
[7,30,31]. To further address whether the sequence characteristics
of pre-miRNAs and mature miRNAs differ among miRNA genes
arising from different evolutionary lineages, we systemically
examined the base composition of different human miRNAs
(Fig. 2). Our analysis revealed that nucleotide divergence has oc-
curred on pre-miRNA and mature miRNA sequences, and base
composition of human miRNAs that emerged from different evolu-
tionary lineages has different patterns. Our study further showed
that base composition is related to the evolutionary age of miRNAs.
The frequency of A and U residues in new pre-miRNA sequences
was found to be gradually decreasing and the frequency of G and
C residues was gradually increasing (Fig. 2A). Further analysis of
Spearman’s rank correlation suggested that there is a correlation
between evolutionary age of miRNAs and base composition in
pre-miRNAs sequences (Spearman’s rank correlation, A: Rs=
—0.45; U: Rs=-0.9667; G: Rs=0.833; C: Rs=0.867). The older
human miRNA genes in evolutionary history often prefer to use
A and U, while the younger tend toward higher GC content
(Fig. 2B). The tendency of base composition in different mature
miRNAs is similar to pre-miRNAs (Fig. 2C and D). Patterns of base
composition of human miRNAs that emerged from different evolu-
tionary time points may be generated by chance. In order to take
this effect into account, we performed sampling approach and
repeated 1000 times, as described in Supplementary Section S1.1.
A summary of 1000 random sampling analysis is presented in
Supplementary Figs. S1 and S2. The results of random sampling
analysis indicated that there is a significantly correlation between
evolutionary age of miRNAs and base composition in pre-miRNAs
and mature sequences. Zhou et al. [31] reported that animal pre-
miRNA sequences tend to contain more A+U nucleotides than
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Fig. 2. Base composition divergence of human miRNAs emerged at different evolutionary time points. (A) Base composition of human pre-miRNAs. (B) GC content of human
pre-miRNAs. (C) Base composition of human mature miRNAs. (D) GC content of human mature miRNAs. (E) Position-specific predominant nucleotide in different lineage-

specific human mature miRNAs. The nucleotide used most frequently is defined as predominant nucleotide.

G+C nucleotides and such a pattern of base composition may be
associated with the biosynthesis of mature miRNA. Pre-miRNA sec-
ondary structure containing a higher percentage of A+U nucleo-
tides is less stable and more easily processed into mature miRNA
by the RNA-induced silencing complex (RISC) [32]. We found that
the older human miRNA genes in evolutionary history often prefer
to use A and U, while the younger tend to use G and C. Meantime,
newly human miRNA genes appeared relatively late in evolution-
ary history are likely to have been derived from random hairpin
structures. These results seem to imply that the random hairpin se-
quences containing more A+U in genome are easier to evolve into
new miRNA genes.

Liu et al. [9] suggested that as antisense regulators, alteration to
the sequence of miRNAs will have an impact on their targeting
capabilities. So, we investigated base composition at each position

in the mature miRNA sequences arising from different evolution-
ary lineages and the predominant nucleotides at each position
are summarized in Fig. 2E. As shown in Fig. 2E, the frequency of
the four nucleotides (A, C, G and U) differed at each position. Pre-
vious studies have shown that animal mature miRNAs use U resi-
dues most frequently at their 5 end [33,34]. Our analysis of
sequence characteristics at each position suggested that this trend
is obvious for most of human mature miRNA sequences. As shown
in Fig. 2E, mature miRNA in six age groups (bilateria, deuterostom-
a, chordate, vertebrata, mammalian, and primates) prefer to use U
residues most frequently at their 5 end. However, miRNAs arose
from metazoan and hominidae lineages prefer to use C and A res-
idues most frequently at the 5’ end, and human-specific miRNAs
tend to use G more often. The frequency of G residues in positions
2-8 was found to be gradually increasing and the frequency of the
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other three residues (G, A, U) in positions 2-8 seed region was
gradually decreasing, suggesting that miRNAs that appeared
relatively late in evolutionary history use G residues with higher
frequency between positions 2 and 8. For example, as shown in
Fig. 2E, G residues was found to be predominant nucleotide in five
sites and six sites in seed regions of mature sequences of miRNAs
arose from primates and hominidae lineages. Interestingly, A
residues was not found to be predominant nucleotide in any sites
between positions 2 and 8 for human-specific mature miRNAs
sequences. However, we also found that U residues more
frequently at other positions after the seed region except for
hominidae and human-specific. Zhou et al. [31] argued that in ani-
mals C residues were used less preferentially than the other three
nucleotides at position 19, which also found in different human
miRNAs. Therefore, it is possible that base composition play a cer-
tain role in origination and function of miRNA during evolution.

Chr-3
Chordata [ }
|
Bilateria
Chr-11 Chr-12
()
(50
*\*~.® Bilateria
“»?® Vertebrate
Mammlian
Chr-16 Chr-17
2
“‘ Hominide

B 100.00%

Q.-H. Wang et al./ FEBS Letters 585 (2011) 240-248

3.3. Genomic organization of human miRNAs that emerged at different
evolutionary time points

Human miRNA genes are scattered in all chromosomes except
for Y chromosome. The distribution of human miRNAs on chromo-
somes is non-random which potentially provides some indication
of the role of human miRNA genes in specific diseases [35,36]. To
explore the genomic organization of human miRNA genes arising
from different evolutionary lineages, we therefore analyzed the
chromosomal location of each human miRNA gene and performed
genomic enrichment analysis based on the cumulative hypergeo-
metric test. Our results showed divergence of chromosome distri-
bution between different lineage-specific human miRNA genes
(Fig. 3A and Table 2). Human miRNA genes that emerged early in
evolutionary history tend to be preferentially encoded on specific
chromosomes, such as miRNAs originated from bilateria enriched
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Fig. 3. Genomic organizations of different miRNAs and their targets in human. (A) Chromosomal preference for different human miRNAs emerged at different evolutionary
time points and their target genes. Red line represents miRNA genes and blue line represents target genes. (B) Genomic distribution of miRNAs located in intergenic or
intragenic regions. The genome coordinates of human miRNAs were determined from the miRBase Sequence Database. Protein-coding genes and introns were based on the

refGene and knownGene tables in UCSC Genome Bioinformatics.
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Table 2

Genomic organization of human miRNA genes arising from different evolutionary lineages and their targets.

Metazoan Bilateria Deuterostoma  Chordata Vertebrata Mammalian Primates  Hominidae Human-specific
miRNAs? NO 79,15,1821,22 1 1,2,9,21 NO X NO NO NO
Target genes" 1,9,21 5,10,12,15,18 8,13,15,18,X 3,4,5,8,10,13,18X 5,10,12,13,18 5,6,12 510,13, X 1910,17,20,22X 19,18

2 The chromosomes on which miRNA genes arising from different evolutionary lineages tend to be preferentially encoded.
> The chromosomes on which target genes regulated by miRNA genes arising from different evolutionary lineages tend to be preferentially encoded.

on chromosome 7, 9, 15, 18, 21 and 22, while miRNAs originated
from primates, hominidae and human-specific miRNAs were not
observed to have miRNA enrichment phenomenon, suggesting that
miRNA genes appeared more recently in evolutionary history have
a more balanced distribution across different chromosomes. Also,
miRNA genes and their target genes tend to be preferentially en-
coded on different chromosomes (Table 2). It has been reported
that the density of miRNA genes on the X chromosome is higher
than on autosomes in mammals [37]. Here, our analysis also re-
vealed that miRNA genes that originated from the mammalian
lineage enriched on chromosome X, supporting the idea that miR-
NA genes enriched chromosome X possibly contributed to specia-
tion in mammals [37]. A recent study of the evolutionary
emergence of miRNA expression in human hES cells showed that
miRNA genes located on chromosome 19 were drastically in-
creased in chimpanzees and humans, and argued that the evolu-
tion of these miRNAs and their chromosome clustering are
primate-specific phenomena [38]. However, miRNA genes that
originated from the primates are not observed significantly en-
riched on chromosome 19 in our study.

It has been reported that the majority of known mammalian
miRNAs were found to locate in transcription units [39]. However,
a recent study found that most human miRNAs lie between pro-
tein-coding genes and one-third are within the introns [40]. Here,
miRNA genes were categorized into two types based on their geno-
mic locations: intragenic sets and intergenic sets. Human miRNA
genes that reside within the introns or untranslated regions of
same-strand protein-coding genes were termed as intragenic sets.
On the contrary, miRNA genes in the intergenic regions that did not
overlap any same-strand protein-coding genes were termed as
intragenic sets. We next studied the distribution characteristics
in intragenic or intergenic regions for human miRNAs that
emerged at different evolutionary time points (Fig. 3B). In general,
57.72% and 42.28% of human miRNA genes are found to locate in
intergenic and intragenic regions respectively. However, compari-
son of distribution characteristics for different human miRNAs re-
vealed that the frequency of ancient human miRNA genes located
in intergenic regions is higher than younger human miRNA genes.
Furthermore, more and more miRNA genes are coded in intragenic
regions during animal evolution, suggesting that these intragenic
miRNA genes may play important roles in animal development
and evolution.

A previous study suggested that the target genes of major tran-
scription factors have a strong preference to be encoded on specific
chromosomes in yeast [41]. In our study, we also investigated
whether the target genes regulated by different lineage-specific
human miRNA tend to be preferentially encoded on specific chro-
mosomes through genomic enrichment analysis. The results are
summarized in Fig. 3A and Table 2. Our results revealed that miR-
NAs that emerged at particular evolutionary time points tend to
have a strong preference to regulate genes on specific chromosome.
Target genes regulated by miRNA genes having closer evolutionary
origin were found to be enriched on the same chromosomes. Inter-
estingly, genes located in five chromosomes (chromosome 5, 10, 13,
18, X) tend to be regulated by different lineage-specific human
miRNA. However, we also found that genes located in chromosome

2,7,11,14,16,19 and Y try to avoid regulating by different human
miRNA genes, of which chromosome 11, 14, 16, 19 and Y also were
not observed to have miRNA enrichment phenomenon. Our analy-
sis showed that this non-random distribution of different lineage-
specific human miRNAs and targets at specific chromosomes may
be part of an evolutionary during species divergence and may have
important implications for miRNA genes evolution. This non-ran-
dom distribution potentially also provides some indication of the
role of human miRNA genes in specific diseases.

3.4. The relationship between miRNA conservation and disease

A previous study on three species of Drosophila revealed that
most young miRNA genes are weakly expressed whereas many
older miRNA genes are highly expressed, suggesting that young
miRNA genes have smaller effect in Drosophila [10]. In Arabidopsis,
young miRNA genes showed weaker regulatory effects [42]. In hu-
mans, there is a significant association between a protein’s connec-
tivity and conservation [43]. Lu et al. [44] argued that if a gene is
evolutionarily conserved, it will be more lethal when gene dys-
function occurs and revealed a significant association between hu-
man miRNA conservation and disease by simply grouping human
genes into two types: conserved and specific. Here, we performed
more detailed analysis to investigate the association between miR-
NA that emerged at different evolutionary time points and disease
phenotype more closely (Fig. 4). Our results showed that highly
conserved miRNAs are more likely associated with disease than
lowly conserved and human-specific miRNA genes. A large propor-
tion of the human miRNAs that existed early in evolutionary
history were related to disease (40-50%), whereas only a small
fraction of young human miRNAs are related to disease (5-20%).
However, 20% of human-specific miRNA genes are related to
disease which is higher than lowly conserved miRNA genes. Our
results also suggested that miRNAs which existed early in evolu-
tionary history are associated with a much larger number of dis-
eases (on average 2.2-3.73 diseases per miRNA) than young
miRNAs (on average 0.05-0.4 diseases per miRNA). Then we per-
formed sampling approach to evaluate significance of the associa-
tion between miRNAs and diseases, as described in Supplementary
Section S1.2. A summary of 1000 random sampling analysis is pre-
sented in Figs. 4B and 4C. As a result, we found a significantly cor-
relation between degree of conservation of miRNAs and the
number disease (Spearman’s rank correlation, Rs=-0.883 and
P<0.01) (Fig. 4B), and between degree of conservation of miRNAs
and proportion of the miRNAs related to disease in each age group
(Spearman’s rank correlation, Rs = —0.817 and P < 0.01) (Fig. 4C).

3.5. Characterization of the protein—protein interaction subnetwork
regulated by human miRNAs that emerged at different evolutionary
time points

The relationship between the protein-protein interaction net-
work (PPIN) and miRNA regulation has been studied in recent
studies [45,46]. In this study, we focused on the roles that different
lineage-specific human miRNAs play in the human PPIN. For each
set of lineage-specific miRNA genes, we defined a subnetwork
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Fig. 4. The association between miRNAs and diseases based on depth of conser-
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distribution of Spearman’s rank correlation coefficients between conservation of
miRNAs and proportion of the miRNAs related to disease in 1000 random sampling
analysis. The blue curve represents the distribution of Spearman’s rank correlation
coefficients in 1000 random sampling analysis. A red arrow represents the real
Spearman’s rank correlation coefficient.

consisting of all of the target proteins regulated by lineage-specific
miRNA genes and all of the interacting proteins with target
proteins. We investigated the characteristics of the PPIN regulated
by human miRNAs that emerged at different evolutionary time
points including: degree, clustering coefficient, betweenness cen-
trality, closeness centrality and characteristic path length. The
analysis results are summarized in Table 3. The number of interac-
tion partners for each miRNA target in the network was calculated.
Although the target proteins of the miRNAs were shown to interact
with more proteins and have higher betweenness centrality than

Table 3

Characteristics of subnetwork formed by different miRNA targets (LO) and the extended subnetwotk containing interacting partners of miRNA targets (L1).

L1 network

MET

LO network

MET
9.69

HPRD

DEU CHO VER MAM PRI HOM HSP BIL DEU CHO VER MAM PRI HOM HSP
9.82 9.84 9.75 17.11

9.81

BIL

15.95 15.32

16.78

16.28 15.12 17.05 15.66

11.26 25.46

9.81

9.61 10.13

7.78

Degree

0.0157
0.213
3.6

0.0124
0.2314
3.58

0.0184
0.2331
3.62

0.0178
0.2285
3.61

0.0174
0.2241
3.63

0.0205
0.2349
3.66

0.0174 0.016

0.226
3.62

0.0174
0.2606
3.56

0.0075 0.0143

0.008

0.0074 0.0085 0.008

0.2198 0.2841

2.57

0.0066 0.0053 0.0088 0.0084

01462 0
5.10
N/A

Betweenness centrality
Clustering coefficients

0.2205
3.62

0.2523 0.4426

341

0.2117 0.1940

2.2

0.2436 0.3051

2.76

333 2.69 3.27

3.7

0.09

Characteristic path length

In-degree ratio

0.4526  0.4889  0.511 04904 04373 04413 04908 0.5032

0.4021

0.0086 0.0063

0.0106 0.0132 0.0099 0.0063

0.0008 0.0103 0.01

For each set of lineage-specific miRNA genes, we defined two types of microRNA-regulated PPI network, termed as LO network and L1 network. Then the topological properties of networks regulated by lineage-specific miRNA

genes such as degree, clustering coefficient, betweenness centrality, closeness centrality and characteristic path length was calculated to reveal the roles in which different lineage-specific miRNA genes play in protein interaction

network. MET: metazoan, BIL: bilateria, DEU: deuterostoma, CHO: chordata, VER: vertebrata, MAM: mammalian, PRI: primates, HOM: hominidae, HSP: human-specific.
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whole networks, which is consistent with a previous report [45].
The number of interaction partners of target genes regulated by
different lineage-specific human miRNAs did not show significant
difference which implies that target genes regulated by different
lineage-specific human miRNAs tend to be hub proteins or bottle-
necks. Liang et al. [46] argued that different types of hub proteins
have different miRNA targeting propensity, and intermodular hub
proteins are more likely to be under miRNA regulation than intra-
modular hubs. Our analysis showed that target proteins regulated
by conserved miRNAs have lower clustering coefficient and
betweenness centrality than those regulated by human-specific
miRNAs (on average 0.2138 versus 0.4426 and 0.0077 versus
0.0143), suggesting that intermodular hub proteins are more likely
to be regulated by conserved miRNAs than human-specific miR-
NAs. To further explore whether these subnetworks regulated by
different human miRNAs form any modules, we defined “in-de-
gree” of a node to represent the number of its within-subnetwork
connections, and “in-degree ratio” to represent the ratio of in-de-
gree to total degree of whole subnetwork [45]. We found that
the in-degree ratio of LO subnetworks regulated by highly con-
served miRNAs except for metazoan is significantly higher than
that of LO subnetworks regulated by lowly conserved and hu-
man-specific miRNAs (on average 0.0109 versus 0.0071, P<0.01
from a two-sample t-test), implying that LO subnetwork formed
by target genes which regulated by highly conserved miRNAs have
higher modularity. Moreover, different L1 subnetworks exhibit sig-
nificantly higher in-degree ratio than that of different LO subnet-
works (on average 0.0085 versus 0.4688, P < 0.0001 from a two-
sample t-test). However, there is no evident different between
in-degree ratio of L1 subnetworks regulated by different lineage-
specific miRNAs. These results indicate that target genes regulated
by miRNAs tend to form network modules together with their
interacting neighbors in PPI network. Also, this mechanism is com-
mon behavior for different lineage-specific miRNAs. Our analysis
offer new perspective to understand possible mechanisms about
subnetworks regulated by human miRNAs that emerged at differ-
ent evolutionary time points.

4. Conclusions

In this study, we report a comprehensive study of the phyloge-
netic distribution and evolutionary history of the currently know
human miRNA genes by a combination of multiple homology
search strategies. Then we further performed systematic analysis
to overall uncover the divergence of human miRNA genes based
on evolutionary emergence. Because of erroneous and incomplete
genome assembly, the possibility that some human homologs
may not be found by our sequence-based homology search can
not be exclude. However, we believe that our study is a good start-
ing point for uncovering genetic and functional divergence of
human miRNA genes during evolution and provide more useful
knowledge for further exploring origins and evolution of microRNA
genes in human genome.
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