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Rapid evolution of an X-linked microRNA cluster

in primates

Rui Zhang,'*? Yi Peng,'-> Wen Wang,' and Bing Su'-**

"Key Laboratory of Cellular and Molecular Evolution, Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming
650223, China; 2Kunming Primate Research Center, Chinese Academy of Sciences, Kunming 650223, China; *Graduate School

of Chinese Academy Sciences, Beijing 100039, China

MicroRNAs (miRNAs) are a growing class of small RNAs (about 22 nt) that play crucial regulatory roles in the
genome by targeting mRNAs for cleavage or translational repression. Most of the identified miRNAs are highly
conserved among species, indicating strong functional constraint on miRNA evolution. However, nonconserved
miRNAs may contribute to functional novelties during evolution. Recently, an X-linked miRNA cluster was reported
with multiple copies in primates but not in rodents or dog. Here we sequenced and compared this miRNA cluster in
major primate lineages including human, great ape, lesser ape, Old World monkey, and New World monkey. Our
data indicate rapid evolution of this cluster in primates including frequent tandem duplications and nucleotide
substitutions. In addition, lineage-specific substitutions were observed in human and chimpanzee, leading to the
emergence of potential novel mature miRNAs. The expression analysis in rhesus monkeys revealed a strong
correlation between miRNA expression changes and male sexual maturation, suggesting regulatory roles of this
miRNA cluster in testis development and spermatogenesis. We propose that, like protein-coding genes, miRNA genes
involved in male reproduction are subject to rapid adaptive changes that may contribute to functional novelties
during evolution.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession nos. EF466135-EF466137.]

MicroRNAs (miRNAs) are a family of small, noncoding RNAs im-
portant for a diverse range of biological functions (Lagos-
Quintana et al. 2001; Lee and Ambros 2001; Bartel 2004; He and
Hannon 2004; Plasterk 2006). Since most current computational
methods for prediction of miRNA genes rely heavily on phylo-
genetic conservation of sequences, most research has focused on
highly conserved miRNAs (Grad et al. 2003; Lim et al. 2003a,b;
Berezikov et al. 2005; Legendre et al. 2005; Xie et al. 2005; Pang
et al. 2006). However, nonconserved miRNAs represent a poten-
tially important source of functional novelties during evolution.
Recently, various nonconserved miRNAs have been discovered
and experimentally verified in virus (Pfeffer et al. 2005) and hu-
man (Bentwich et al. 2005). Bentwich and colleagues identified
two miRNA clusters in primates (human, chimpanzee, and rhe-
sus monkey) that have more miRNA copies than do rodents and
dog, implying miRNA family expansion during primate evolu-
tion (Bentwich et al. 2005). One of the two clusters is located on
the X chromosome and contains 10 miRNAs, which were classi-
fied into seven different seeds (miR-513, miR-506, miR-507, miR-
508, miR-509, miR-510, and miR-514). These miRNAs are prefer-
entially expressed in testis (Bentwich et al. 2005). However, the
timing and functional significance of X-linked miRNA expansion
is unknown.

To reconstruct the evolutionary history of this cluster, we
screened bacterial artificial chromosome (BAC) libraries and se-
quenced the miRNA cluster in three nonhuman primates
(siamang, Hylobates syndactylus; Yunnan snub-nosed monkey [Xu
et al. 2004], Rhinopithecus bieti, and black-handed spider monkey
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[Qian et al. 2004], Ateles geoffroyi). These species represent three
major lineages in primates (lesser ape, Old World monkey, and
New World monkey), reflecting 45 million years of primate evo-
lutionary history (Goodman et al. 1998). Sequence comparison
combined with the available data in human, chimpanzee, and
rhesus monkey indicates a complex evolutionary history of the
cluster, in which rapid miRNA evolution was observed.

Results and Discussion

We reanalyzed the human sequences of the X-linked miRNA
cluster and identified an additional five new adjacent miRNAs,
which had not been reported previously. Two belong to miR-513,
another two to miR-509, and one is highly similar to miR-510,
possibly a new seed (designated as miR-510L pending experimen-
tal verification). Figure 1A shows the phylogenetic relationship
of the 15 human precursor miRNA sequences. Interestingly, phy-
logenetic relationships between the miRNAs reflect physical
proximity, suggesting miRNA cluster expansion by tandem du-
plication (Ohno 1970). Figure 1B shows the structure of the
miRNA cluster in the six primate species compared. All six species
contain all eight miRNA seeds. However, three miRNA seeds
(miR-513, miR-509, and miR-514) have different copy numbers
among species. For example, miR-514 has three copies in human,
four copies in chimpanzee, but only one copy in the other pri-
mate species, indicating common miRNA duplications in pri-
mates. Phylogenetic analysis on miR-514 indicates that duplica-
tions occurred independently in human and chimpanzee. Alter-
natively, it is possible that the topology of the tree could have
arisen because of gene conversion (Supplemental Fig. 1).

In contrast, nonprimate mammalian species show varying
numbers of seeds. In addition to the three previously identified
miRNA seeds (orthologous to miR-506, miR-507, and miR-508)
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(Bentwich et al. 2005), we identified two new miRNAs in dog
(designated as cfa-miR-513 and cfa-miR-X) and one in rodents
(designated as mmu-(rno)-miR-X). The cfa-miR-513 is ortholo-
gous to miR-513 in primates (bootstrap value, 99%) and the cfa-
miR-X and mmu-(rno-)miR-X are phylogenetically close to the
lineage clustering miR-509, miR-510, miR-510L, miR-514 in pri-
mates (bootstrap value, 85%) (Fig. 1C). Analysis of amphibian,
bird, and fish species failed to detect any homologs, implying
that either this cluster emerged relatively recently or the miRNA
sequences have diverged too far to recognize orthology.

Figure 1C shows the phylogenetic relationships among all
the precursor miRNAs in primates, rodents, and dog. Again, as
observed in the human miRNAs (Fig. 1A), the physical distances
between miRNAs correlate to the phylogenetic relationships,
supporting the proposed tandem duplications in primates.

To rule out the possibility that some of the putative miRNAs
in primates might be pseudogenes, we tested the expression of
three miRNAs with copy number variations (miR-509, miR-513,
and miR-514) in rhesus monkey testis. We detected the expres-
sion of all copies of the precursors (data not shown), suggesting
that all the copies are probably functional. Hence, the difference
of copy numbers among primate species may have dosage effects
in regulating testis development and/or function. However, we
cannot rule out the possibility that, despite their transcription,
some miRNA copies may represent processed pseudogenes.

It is well known that copy number variations (CNVs) are
common in human populations (Redon et al. 2006). To test
whether the miRNAs with CNVs between species could also be
polymorphic within human populations, we tested miR-509 in
three major continental populations (10 Chinese, 10 Caucasians,
and 10 Africans) and all the three miR-509 copies were detected
in all the human samples, an implication of fixation of the du-
plicated miRNAs in human.

We also observed rapid sequence evolution of the miRNAs.
In five miRNA members with confirmed primate orthologs (miR-
506, miR-507, miR-508, miR-510 in all six species, and miR-514
in four species), we observed a total of 77 sites with sequence
substitutions in the precursors. The average substitution rate is
15.4 per miRNA, which is much higher than the rate reported by
Berezikov et al. (2005) (2.27 per miRNA in 122 miRNAs based on
species with an even larger sampling covering distantly related
primate species). In Berezikov and colleagues’ study, only three
of the 122 observed substitutions were located in the mature
miRNA (i.e., most occurred in the terminal loop and at the ends
of a precursor). In contrast, 15 out of 77 substitutions in the
X-linked cluster were located within the mature miRNA
(P=7 x 103, two-tailed Fisher’s exact test) (Supplemental Fig. 2).

To confirm the rapid sequence evolution of the miRNAs
within the X-linked cluster, we compared the substitution rates
of the X-linked miRNAs (miR-506, miR-507, miR-508, miR-510

Table 1. Substitutions observed in precursor miRNAs

Type of substitution No. expected No. observed

Single
Base pairing to base pairing 7.1 22
Base pairing to non-base pairing 49.9 35
Double
Base pairing to base pairing 1.3 5
Base pairing to non-base pairing 3.7 0

Single substitutions were calculated for miR-506, miR-507, miR-508, miR-
510 of six primate species, and miR-514 of siamang, Yunnan snub-nosed
monkey, rhesus monkey, and black-handed spider monkey with con-
firmed orthologs (see Methods). Single substitutions, P = 0.002, double
substitutions, P =0.05 (two-tailed Fisher’s exact test).

with confirmed orthologs) with that of 102 known intergenic
miRNAs (data from http://mirnamap.mbc.nctu.edu.tw/). We cal-
culated the between-species substitution rates (human vs. rhesus
monkey) for the miRNA precursor (Kp) and the flanking genomic
sequence (Kf) (presumably nonfunctional). The average Kf val-
ues are similar between the X-linked (0.064) and the intergenic
miRNAs (0.053), an indication of nearly equal mutation rates.
However, the X-linked miRNA cluster has a much larger average
Kp (0.047) compared to the intergenic miRNAs (0.013)
(P <0.001, two-tailed Student’s t-test), again supporting the pro-
posed rapid evolution of the X-linked miRNA cluster. We also
compared Kp with K;; between human and chimpanzee. K is
the substitution rate of the transposable elements (30 in total)
within the X-linked cluster shown to be neutral (Lunter et al.
2006). Three out of the eight Kp values are out of the 99% con-
fidence interval of the K distribution, an indication of excess of
substitutions over neutrality (Supplemental Fig. 3).

It should be noted that, despite the rapid sequence substi-
tutions, the general secondary structures (hairpin and loop struc-
tures) are highly conserved in all the primate miRNAs, as re-
flected by the excess of compensatory substitutions over random
expectation (Table 1) (single substitutions, P = 0.002, double sub-
stitutions, P = 0.05, two-tailed Fisher’s exact test), consistent with
strong functional constraint on miRNA secondary structures.
This substitution pattern suggests that compensatory mutations
could be the mechanism of miRNA evolution, as shown in other
functional RNA genes (Hancock et al.1988; Higgs 2000). In addi-
tion, the few observed deletions in the precursors did not affect
the secondary structures (Berezikov et al. 2005).

Sequence substitutions may lead to the emergence of novel
miRNAs. In miR-513 and miR-509, we observed sequence substi-
tutions in the mature miRNAs both between species and between
copies within species. Target gene prediction for miR-513 (two
human copies, one chimpanzee copy, and one rhesus copy)
by miRanda (Enright et al. 2003) showed that the duplicated
miRNAs target fewer genes than do the ancestral copy, and that

Figure 1. Genomic structure of the X-linked cluster in primates, mouse, and dog. (A) The phylogenetic relationships of the 15 X-linked miRNAs in
human. The tree was reconstructed by using the neighbor-joining method. The bootstrap values >50 are shown above the branches. The physical
locations of each miRNA are indicated in the bar scheme. The five newly identified miRNAs are labeled with asterisks. The scale bar reflects 0.1-nt
substitution per site. (B) The distribution of miRNAs among species. The physical locations of the X-linked cluster are 146,078,892-146,173,923 in
human (HG18); 146,663,463-146,759,782 in chimpanzee (panTro2); 145,318,105-145,393,941 in rhesus macaque (rheMac2); 118,713,715-
118,759,086 in dog (canFam2); 64,248,731-64,270,854 in mouse (mm38); 154,169,119-154,191,076 in rat (rn4). The red bars represent miR-513;
golden, miR-506; blue, miR-507; dark-green, miR-508; fuchsia, miR-510L; light-green, miR-509; black, miR-510; and white, miR-514. The three newly
identified miRNAs in mouse and dog are also indicated accordingly. The structure of rat is the same as mouse (data not shown). (C) The phylogenetic
tree of all the X-linked miRNAs in primates, rodents, and dog. The eight miRNA seeds are well separated (the shaded groups). The tree was reconstructed
using the neighbor-joining method. The bootstrap values >50 are indicated. The black branches are primate miRNAs while the colored lines are rodents
and dog miRNAs located at the roots of the groups (green for dog, yellow for rodents). Ygm refers to Yunnan snub-nosed monkey. The scale bar reflects

0.1 nucleotide substitution per site.
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many of the targets are novel (not targeted by the ancestral
copy). This observation suggests that the new miRNA copies
might be functionally more specialized (data not shown). More-
over, for miR-508 and miR-510, we observed lineage-specific sub-
stitutions important for target recognition (Bartel 2004; Bren-
necke et al. 2005) (human miR-508 at site 16 of the mature
miRNA; siamang miR-508 at site 12; human and chimpanzee
miR-510 at site 6; chimpanzee miR-510 at site 4). These sequence
changes of miRNAs are possibly driven by natural selection on
testis-expressed miRNAs, as previously found in protein-coding
genes involved in male reproduction (Wyckoff et al. 2000; Swan-
son and Vacquier 2002; Dorus et al. 2004; Clark and Swanson
2009). It should be noted that current target prediction methods
may suffer from a high false positive rate, and the miRanda al-
gorithm used reported a success rate of ~64% in Drosophila (Stark
et al. 2005). Therefore, the suggested functional specialization of
the miRNAs is yet to be tested with experimental data.

To understand the functional roles of the X-linked miRNA
cluster, we tested the expression of seven miRNA seeds (miR-510L
was not tested) in testis of infant (1-2 yr, sexually immature) and
adult rhesus monkeys (8-10 yr, sexually matured), using real-
time quantitative PCR. All seven showed a significant expression
reduction of the mature miRNAs in adults compared with infants
(Fig. 2A). In particular, miR-514 is only expressed in infants (Fig.
2B). Recent studies have shown that animal miRNAs can not only
repress translation of target gene mRNAs, but also induce their
degradation by nonperfect sequence recognition (Bagga et al.
2005; Lim et al. 2005). Hence, the observed reduced expression of
the primate miRNAs in adults would allow development-stage-
related functioning of the target genes during male sexual matu-
ration. Thus the X-linked miRNA cluster likely plays regulatory
role in primate testis development and spermatogenesis, and ex-
perimental data are needed to confirm the suggested regulatory
role of this cluster.
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Figure 2. The expression analysis of the X-linked miRNAs in infant and
adult rhesus monkeys. (A) The expression levels of the mature miRNAs in
miR-513, miR-506, miR-507, miR-508, miR-509, and miR-510 showing
obvious reductions in adult monkeys. The standard errors are indicated.
(B) The electrophoretic gel analysis of miR-514 expression. From left to
right: lane 1, infant1; lane 2, infant2; lane 3, adult1; lane 4, adult2; lane
5, adult3; lane 6, adult4; M, molecular marker.

Previous genome-wide analysis identified a series of fast-
evolving genomic regions or lineage-specific structure changes
(deletions, insertions, and inversions) in human (Newman et al.
2005; Pollard et al. 2006; Prabhakar et al. 2006). Our data add
another example by showing rapid evolution of a microRNA
cluster in human and nonhuman primates. However, the previ-
ously identified fast-evolving regions do not include the X-linked
microRNA cluster, which is probably due to the different strate-
gies used since the previous studies were aimed to identify hu-
man-specific changes (Pollard et al. 2006; Prabhakar et al. 2006).

In conclusion, we report rapid evolution of the X-linked
miRNA cluster in primates, with frequent copy number changes
and sequence substitutions. This observation is consistent with
the finding on a protein-coding gene cluster, i.e., PRAME, which
is testis-expressed and has expansion of copy numbers in pri-
mates (Birtle et al. 2005). Hence, like protein-coding genes
(Wyckoft et al. 2000; Swanson and Vacquier 2002; Dorus et al.
2004; Clark and Swanson 2005; Zhang et al. 2007), miRNA genes
related with male reproduction are subject to adaptive changes
due to selection, which may contribute to the emergence of func-
tional novelties during evolution.

Methods

BAC library screening, sequence assembly, and sequence analysis

The pooled PCR-based method was used in screening the primate
BAC libraries and identifying positive BAC clones. Primer se-
quences are shown in Supplemental Table 1. A total of seven
positive BAC clones were detected, three of which (one for each
species, 150 kb, 160 kb, 210 kb) were selected by end-sequencing,
then full-length sequenced using shotgun sequencing method
with 6X coverage at Beijing Genomics Institute, CAS. The se-
quences were aligned and assembled by phred/phrap/consed
package (Ewing and Green 1998; Ewing et al. 1998; Gordon et al.
1998). The sequence gaps were filled by PCR-based sequencing
on an ABI-3130 sequencer. The sequence quality of the putative
miRNAs was checked by looking at the raw electro-morph data.

We reanalyzed the human X-linked cluster using BLASTN
(E-value cutoff 10~ *) with previously identified 10 miRNAs as
query sequences. Paralogous relationship of the newly identified
members of miR-513 and miR-509 in human was determined by
phylogenetic analysis (neighbor-joining method, sequence simi-
larity, 97%-99%; bootstrap values, 98%) (Nei 1987). We searched
the homologs of the miRNAs in nonhuman primates with
BLASTN (E-value cutoff 107 1°), and all the 15 human miRNA
precursors were used as query sequences. The orthologous
miRNAs were identified based on reciprocal best hits. The or-
thologous miRNAs of rodent (mouse and rat) and dog were iden-
tified using multiple alignment data in the UCSC genome
browser (the Vertebrate Multiz Alignment & Conservation track).
The identified orthologous sequences were also supported by
synteny check. We used the UCSC genome database (Hinrichs et
al. 2006) in our sequence analysis, including the Human Mar.
2006 (hg18) assembly, the Chimp Mar. 2006 (panTro2) assembly,
the Rhesus Jan. 2006 (theMac2) assembly, the Dog May 2005
(canFam?2) assembly, the Mouse Feb. 2006 (mm8) assembly, and
the Rat Nov. 2004 (rn4) assembly. Gene sequences were aligned
by ClustalX (Jeanmougin et al. 1998) with manual adjustment.
Phylogenetic trees were reconstructed by using the NJ method in
MEGA3 (Kumar et al. 2004) and evaluated by 1000 bootstrap
replications. For calculation of between-species sequence substi-
tutions, the orthologous precursor miRNA sequences were
aligned by ClustalX (Jeanmougin et al. 1998). For miR-506, 507,
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508, 510, the orthologs were identified in all the six primate
species. Due to multiple duplications, for miR-514, there are only
four species with unambiguous orthologs, and no orthologs from
more than three species could be unambiguously identified for
miR-509, 513 (Berezikov et al. 2005).

For target prediction, the ancestral copy of miR-513 was in-
ferred using the core region of the within-species duplication
units with dog miR-513 as outgroup. Dotter (Sonnhammer and
Durbin 1995) was used to find the duplication units of miR-513,
miR-509, and miR-514. Repeatmasker (http://repeatmasker.org)
was used to find repeat elements.

Calculation of compensatory substitutions

The secondary structures of the pre-miRNAs were predicted by
mfold (Mathews et al. 1999; Zuker 2003). The miRNA sequences
and secondary structures were provided in Supplemental Figure
4. The pre-miRNA sequences were divided into four parts as de-
scribed before (Han et al. 2006). We considered two classes of
changes in the stem region: substitutions that change one pair of
complementary bases to another pair of complementary bases
(e.g., C-G to U-G) and substitutions that change one pair of
complementary bases to a pair of noncomplementary bases, or
vice versa (e.g., C-G to C-C). For a particular site in the stem
region, a single substitution refers to change of either of the two
corresponding bases, and a double substitution refers to changes
of both bases. The probability of a single substitution or a double
substitution converting one pair of complementary bases to an-
other pair of complementary bases was provided before (Dixon
and Hillis 1993). The expected values of substitutions were cal-
culated following the method of Dixon and Hillis (1993). We
aligned the orthologs or paralogs of the X-linked miRNAs from
the six primate species by ClustalX. For single substitution analy-
sis, only the confirmed orthologs were used to avoid multiple
counts of shared mutations between species in paralogs. The
single substitution pattern in paralogs is listed in Supplemental
Table 2, which is similar to the result of the orthologs. Both the
orthologs and paralogs were used in calculating double substitu-
tions (multiple counts were removed) to test if compensatory
substitutions are overrepresented.

Calculation of the substitution rates of precursor miRNAs
(Kp) and flanking genomic sequences (Kf)

For calculation of Kf, the 5" and 3’ flanking sequences (500 bp
each side, 1000 bp in total) of the pre-miRNAs were used. Due to
the close proximity of miR-506 and miR-507 in the genome (142
bp), only 642 bp were used. A total of 108 known intergenic
human miRNAs (physical distance >500 bp from each other)
(http://mirnamap.mbc.nctu.edu.tw/) were used to blast the rhe-
sus monkey genome (rheMac2), and 102 rhesus orthologs were
identified. The sequences were then aligned by ClustalX. Kimura
2-parameter model was used to calculate substitution rates of the
precursor miRNAs (Kp) and flanking genomic sequences (Kf)
(Kimura 1980).

Calculation of K of transposable elements (TE)

Due to the variable and complex nature of this region, it is dif-
ficult to collect enough orthologous TEs in distantly related species
(such as between human and rhesus monkey). With the use of
siamang as outgroup, we identified 30 TE sequences within the
sequenced X-linked cluster in human and chimpanzee. The orthol-
ogy was determined by three criteria: TE classification, reciprocal
best hits, and synteny. Kimura 2-parameter model was used to cal-
culate substitution rates (Kimura 1980). By One-Sample Kol-

mogorov-Smirnov Test, the normal distribution of K; was con-
firmed.

Target gene prediction

Human, chimpanzee, and rhesus monkey 3'UTRs are from En-
sembl BioMart. For each gene, we only choose one transcript. If
a gene has more than one transcript, the longest one is chosen
for analyses. miRanda (Enright et al. 2003) was used to identify
miRNA binding sequences in the 3'UTR sequences. Due to the rapid
substitution nature of this cluster, we did not use the conservation
criterion because it was shown that the nonconserved target sites
also mediated repression (Farh et al. 2005). The parameters used for
scanning are $:90, AG: —17 kcal/mol, and -shuffle.

Real-time quantitative PCR analysis of miRNA expression

The method used to quantify the expression level of mature
miRNAs was described previously (Raymond et al. 2005). The
LNA primers were purchased from Proligo LCC. The potential
dimers of GS-primer and L-primer were evaluated by Autodimer
(Vallone and Butler 2004). All primers are listed in Supplemental
Table 3. RNA was extracted in duplicates from three infant and
three adult rhesus testis samples using TRIzol (Invitrogen). After
DNase treatment, a mixture of GS-primer and GAPDH specific
primer was used for reverse-transcription by Omniscript Reverse
Transcriptase (QIAGEN). The sequences of each miRNA amplicon
were determined by TA-cloning (Takara). Quantitative RT-PCR by
SYBR green (Bio-Rad) for each ¢cDNA was run in triplicates in MJ
Opticon. We calculated the relative amounts of miRNAs by the
comparative Ct (2~ 44“") method (Livak and Schmittgen 2001).
The target miRNA values were normalized based on the internal
control of GAPDH. Each Ct value used for the calculation was the
mean obtained from each cDNA in triplicates. Statistical analysis
was done with Student’s f-test or t-test for unequal variances.

Precursor miRNAs detection

The list of primers is provided in Supplemental Table 1. Total
RNA was isolated by TRIzol. After DNase treatment, we used GS-
primer for reverse transcription. The PCR amplicons were vali-
dated using gel electrophoresis, purified using MinElute PCR Pu-
rification Kits (QIAGEN), and subcloned with TA-cloning vectors.
Thirty randomly chosen positive clones were sequenced for each
pre-miRNA.

Primers for detection of miR-509 copy numbers are listed in
Supplemental Table 1.
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