Molecular Evolution of a Primate-Specific microRNA Family
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Lineage-specific microRNA (miRNA) families may contribute to developmental novelties during evolution. However, little
is known about the origin and evolution of new miRNA families. We report evidence of an Alu-mediated rapid expansion of
miRNA genes in a previously identified primate-specific miRNA family, drawn from sequencing and comparative analysis
of 9 diverse primate species. Evolutionary analysis reveals similar divergence among miRNA copies whether they are
within or between species, lineage-specific gain and loss of miRNAs, and gene pseudolization in multiple species. These
observations support a birth-and-death process of miRNA genes in this family, implicating functional diversification during
primate evolution. In addition, both secondary structure conservation and reduced single nucleotide polymorphisms density
attest to functional constraint of this family in primates. Finally, we observed preferential expression of miRNAs in human
placenta and fetal brain, suggesting a functional importance of this family for primate development.

Introduction

The microRNAs (miRNAs) are a class of small single-
stranded noncoding RNAs (20-24 nt) in both unicellular
and multicellular organisms (Bartel and Chen 2004; Molnar
et al. 2007). Previous studies showed that miRNAs play
pivotal roles in regulating diverse developmental processes
by targeting mRNAs for translational repression, cleavage,
or destabilization (Bartel and Chen 2004; Miranda et al.
2006; Plasterk 2006). The miRNA genes are transcribed
as primary miRNA transcripts and then processed into
~70-nt hairpin precursor miRNAs (pre-miRNAs). Finally,
the pre-miRNAs are processed to produce mature miRNAs
(Bartel and Chen 2004). Both animal and plant miRNAs
can be grouped into distinct families containing 1 or more
precursors whose structures range from forming genomic
clusters to scattering across the genome (Li and Mao
2007). The within-family precursors are generally similar
to each other and produce similar, if not identical, mature
miRNAs. When comparing distant lineages, expansion or
contraction of miRNA families is common (Houbaviy et al.
2003; Bartel and Chen 2004; Tanzer and Stadler 2004;
Hertel et al. 2006), which was even observed in some closely
related lineages (Zhang et al. 2007). Expansions of miRNA
families usually occur through tandem duplications or seg-
mental duplications (Tanzer and Stadler 2004; Mabher et al.
2006; Zhang et al. 2007). In Drosophila, new miRNAs can
also originate from non-miRNA sequences (Lu et al. 2008).
In plants, novel miRNA families can sometimes be created
through inverted duplications of protein-coding gene se-
quences (Allen et al. 2004; Fahlgren et al. 2007). However,
little is known about the origin of new miRNA families in
mammals. Recently, Bentwich et al. (2005) identified a pri-
mate-specific miRNA family. It contains 43 pre-miRNAs,
forming a cluster spanning about 100 kb on human chromo-
some 19 and is preferentially expressed in placenta.

To dissect the origin and evolutionary dynamics of this
miRNA family in primates, we screened bacterial artificial
chromosome (BAC) libraries and sequenced this miRNA
family in 3 nonhuman primates (siamang, Symphalangus syn-
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dactylus; Yunnan snub-nosed monkey [Xu et al. 2004], Rhi-
nopithecus bieti; and black-handed spider monkey [Qian etal.
2004], Ateles geoffroyi). We also sequenced the amplicons of
slow loris (Nycticebus coucang). These species cover the ma-
jor lineages of primates, including apes, Old World monkey,
New World monkey, and prosimian. The last common ances-
tor of these primate lineages can be traced back to about 63
million years ago (MYA) (Goodman 1999). Combined with
the available data in human, chimpanzee, orangutan, rhesus
monkey, and marmoset, we examined the evolutionary pat-
tern of the Chr19-linked miRNA family and we observed an
Alu-mediated rapid expansion of miRNA genes, along with
birth and death of miRNA copies in primates.

Materials and Methods
BAC Library Screening and Sequence Assembly

The pooled polymerase chain reaction (PCR)-based
method was used in screening 3 primate BAC libraries
and identifying positive BAC clones. In particular, a 2-step
strategy was adopted to design the specific primer pair for
BAC screening in corresponding species. First, several pri-
mers were designed using sequences either from human pre-
miRNA with flanking region or from intergenic region. Then
we amplified the 3 primate genomic DNAs by all primers. If
one primer pair worked in a species, we then sequenced the
PCR product and designed the species-specific primers for
BAC library screening. Primer sequences are shown in sup-
plementary table S1 (Supplementary Material online). Three
positive BAC clones (1 for each species: 130 kb, 140 kb, and
200 kb) were selected by end sequencing, then full length
sequenced using shotgun sequencing method with 8 x cov-
erage at Beijing Genomics Institute, Chinese Academy of
Sciences (CAS). The sequences 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 finished by PCR-based sequencing on an ABI-3130
sequencer. Only one gap (about 200 bp) was not closed in
spider monkey BAC clone due to the failure of PCR. The
sequence quality of the putative miRNAs was checked by
looking at the raw chromatograms.

Prosimian DNA Sequencing

Because the sequences of miR-512 or miR-498 are
distantly related to the other members of this family, 2
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degenerate primers (dp-512 and dp-498) were designed
based on the consensus of miR-512 or miR-498 among pri-
mate species. Two another primers (dp3 and dp4) were
designed using consensus sequences of all other miRNAs.
All the primer sequences are shown in supplementary
table S1 (Supplementary Material online). The PCR ampli-
cons were purified using MinElute PCR Purification Kit
(Qiagen, Valencia, CA) and cloned with TA cloning vec-
tors. A total of 150 positive clones for dp3 and dp4 were
sequenced, respectively. The quality of each sequence
was checked by looking at the raw chromatograms. The
miRNA sequences were confirmed in prosimian when
the same sequence was present in at least 2 clones. Besides
6 confirmed miRNA copies, there were 4 pre-miRNA cop-
ies with only one nucleotide difference between each. Be-
cause we could not rule out the possibility of
polymorphisms of the same copy, a range of 2—4 was used
in counting the copy numbers, which resulted in the total
copy number of 8—10 for slow loris.

Homology Search and Evolutionary Analysis

We reanalyzed the human Chr19-linked family using
BlastN to human genome with previously identified 43 pre-
miRNAs as query sequences. The matched results with E
value <10~ and sequence length >40 bp were regarded as
good hits. The edges of the presumable pre-miRNA sequen-
ces were decided by comparing the hits with the known
pre-miRNAs in human. We searched the homologs of the
miRNAS in nonhuman primates with BlastN, and all the
46 human pre-miRNAs were used as query sequences. In
addition, because of the relative deep divergence between
human and New World monkey, after the initial Blast, the
identified New World monkey hits were used as query se-
quences in a second Blast to the spider monkey BAC se-
quence or marmoset genome sequences. We defined the
criteria for the secondary structures of miRNA genes as
1) the structure does not have multiple loops and 2) the free
energy (dG) is less than or equal to —15 kcal/mol. Based on
this approach, we got hundreds of miRNAs, and the dG is —
42.8 kcal/mol on average ranging from —18.5 to —60.9
kcal/mol. The miRNAs were named according to their ge-
nomic order in different species. All the pre-miRNA se-
quences are provided in FASTA format (supplementary
table S2, Supplementary Material online). To detect potential
highly divergent copies of this family, we repeated the ho-
mology search procedure using high sensitivity BlastN pa-
rameters (Blastall -p BlastN -G 1 -E 1 -W 9 -q -1 r 1).
No additional copies were found. We used the UCSC
genome database (http://hgdownload.cse.ucsc.edu/down-
loads.html) in our sequence analysis, including the human
March 2006 (hg18) assembly, the chimp March 2006 (pan-
Tro2) assembly, and the rhesus January 2006 (rheMac?2) as-
sembly. We downloaded 6X WGS preliminary assembly of
Orangutan and Marmoset sequences from http://
genome.wustl.edu/. Precursors and mature miRNAs of ze-
brafish were downloaded from miRBase (Griffiths-Jones
et al. 2006). Gene sequences were aligned by ClustalW
(Thompson et al. 1994) with manual adjustment. Phyloge-
netic trees were reconstructed using the Neighbor-Joining
method in MEGA3 (Kumar et al. 2004) and evaluated by

1,000 bootstrap replications. The Kimura 2-parameter model
was used to calculate the substitution rates (K).

Alu Distribution and Duplication Unit Identification
Analysis

Repeatmasker (http://repeatmasker.org) was used to
find repeat elements. The masked duplication unit defini-
tion is explained in supplementary figure S1 (Supplemen-
tary Material online).

SNP Distribution Analysis in Human

We downloaded data from the Single Nucleotide Poly-
morphism database (dbSNP; build 126) using ENSEMBL
BioMart by querying given genome coordinates. For
comparison, we identified SNPs in the pre-miRNAs and
in regions flanking each miRNA gene spanning the win-
dows with the same size of the given pre-miRNA (Saunders
et al. 2007).

Fluorescence In Situ Hybridization

Chromosome metaphase and interphase nuclei of hu-
man and slow loris were kindly provided by Kunming Cell
Bank, CAS. Minipreparation of plasmid DNA from the se-
quenced Yunnan snub-nosed monkey positive BAC clone
was performed according to modified alkaline lysis method.
DNA was labeled by Nick translation with Biotin-dCTP
(Invitrogen, Carlsbad, CA). The fluorescence in situ hybrid-
ization (FISH) method was described previously (Xu et al.
2004). To eliminate the effect of cross-hybridization of
common repeat sequences, probes were blocked by using
repetitive DNA (C,,) before hybridization. At least 10 in-
dependent metaphase or interphase nuclei were examined
in determination of chromosomal band location.

Simulation

The pre-miRNAs from the same species were aligned
by ClustalW, the consensus sequences were inferred ac-
cording to majority rule. For example, when analyzing hu-
man pre-miRNAs, first, we inferred the consensus
sequences of human pre-miRNAs by aligning all the human
copies, then we calculated the substitution rate K between
each of the 45 real miRNAs (not including pseudogene hsa-
38) and the consensus sequence (not considering indels) by
the Kimura’s 2-parameter model and obtain 45 K values.
Second, we randomly mutated the consensus sequence to
obtain 45 mutated sequences that have substitution rates
equal to the real miRNAs. The random mutation process
was replicated for 1,000 times. Finally, the Initial dGs of
the secondary structures of the 45 real miRNAs (length
equal to consensus) were calculated by “mfold” (Mathews
et al. 1999) and then the average Initial dG was calculated.
For miRNA, which has several predicted secondary struc-
tures, the minimal Initial dG was chosen. The same process
was performed for the randomly mutated DNA sequences
to get the average dG. By 1-sample Kolmogorov—Smirnov
test, the normal distribution of dG of the simulated data set
was confirmed. The same analysis was performed in all
other species.
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RNA In Situ Hybridization and Reverse Transcriptase—
Polymerase Chain Reaction

All human subjects were obtained from the local hos-
pitals and approved by their internal review boards with
informed consents. For RNA in situ hybridization experi-
ment, we selected 3 miRNAs as the representatives, of
which miR-516-5p is from the 5’ arm and miR-520e is from
the 3’ arm. The sequence of miR-498 is distantly related to
the other members of this family and, therefore, was also
selected. The placenta was embedded in Tissue-Tek
OCT compound and cryosectioned. Ten-micron cryosec-
tions were pretreated and hybridized with LNA digoxyge-
nin-labeled probes (Exiqon, Copenhagen, Denmark)
following the protocol of frozen section in situ hybridiza-
tion (Exiqon) with some modifications. When performing
experiment, for each probe, we used the scramble-miR as
negative control. In addition, the testis sample was also
used as another negative control (data not shown). For re-
verse transcriptase—polymerase chain reaction (RT-PCR)
experiment, the total RNA was isolated by TRIzol (Invitro-
gen). After DNase treatment, we used gene-specific primers
or oligo-dT for reverse transcription. For all samples, the
control sets were performed in reverse transcription step
without reverse transcriptase. The PCR amplicons were
validated using gel electrophoresis, purified using MinElute
PCR Purification Kit (QIAGEN), subcloned with TA clon-
ing vectors, and sequenced. The list of primers is provided
in supplementary table S3 (Supplementary Material on-
line). For human placenta sample from a 5-week embryo,
we performed the standard hematoxlyin and eosin (HE)
staining to confirm its origin. For the normal term placenta,
the total RNA was isolated from villus parenchyma.

Computational Analysis of Gene Family Evolution

Computational analysis of gene family evolution
(CAFE) is based on the likelihood model of gene gain
and loss across species tree, and it can identify gene families
that have statistically accelerated rates of gain and loss
(Hahn et al. 2005; De Bie et al. 2006). The null hypothesis
of CAFE is that the gene family size changes are by chance.

Seed Number Estimation

Current miRNA prediction methods mostly focus on
pre-miRNAs because it is difficult to predict the exact ma-
ture miRNA sequences, especially for nonconserved miR-
NAs. In the human Chrl9-linked family, there are 48
distinct mature miRNAs that were confirmed (Bentwich
et al. 2005). Sixty percent of the pre-miRNAs generate
mature miRNAs in both arms and the start sites of the ma-
ture miRNAs are mostly located at the same position in the
aligned pre-miRNAs. For a conserved seed number estima-
tion, assuming that the start site of the mature miRNAs is
only the most frequent start site in both 5’ arm and 3’ arm,
we aligned the pre-miRNAs in each species and predicted
the mature miRNAs. Using this method, we estimated that
there are 25 seeds in human, slightly less than the real num-
ber 30, a suggestion of the feasibility of this approach.
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Target Gene Prediction

Target prediction was performed using 2 algorithms-
rna22 (Miranda et al. 2006) and Probability of Interaction
by Target Accesibility (PITA) (Kertesz et al. 2007). In the
first protocol, target genes of this family are predicted by
rna22 with default parameters. The full list of target genes
can be downloaded from http://cbcsrv.watson.ibm.
com/rna22.html. The target genes were then classified into
inferred functional categories based on the Panther classi-
fication system (Thomas et al. 2003). To ask whether the
target genes are overrepresented in some functional catego-
ries, we compared the target gene list with a reference list
(National Center for Biotechnology Information: all human
genes) using Panther gene analysis tool (Thomas et al.
2006). The P values are corrected for multiple comparisons
by Bonferroni correction. In the second protocol, target
genes predicted by PITA were downloaded from http://
genie.weizmann.ac.il/pubs/mirQ7/mir07_data.html. Target
gene overrepresentation analysis was performed as above.

Accession Numbers

The sequences reported in this paper have been depos-
ited in the GenBank database (accession numbers
EU086470-EU086482).

Results
Sequence Structure of the Chr19-Linked miRNA Family
in Primates

We reanalyzed the human Chr19-linked miRNA fam-
ily region and identified 3 novel copies, which were not
reported previously (supplementary fig. S2, Supplementary
Material online). The expression of 2 novel copies was con-
firmed by cloning and sequencing. The third one is a pseu-
dogene due to an Alu insertion. Through homology search,
we identified varied numbers of pre-miRNAs (8—85 copies)
and varied lengths of genomic regions (87.6—156.9 kb) cov-
ering the miRNA family in the 9 primate species (table 1),
suggesting rapid evolution of this miRNA family. In addi-
tion, the intergenic regions between each miRNA also vary
in length across species except for human—chimpanzee
comparison (fig. 1). It was shown that mouse, rat, and
dog do not have homologs of the miRNAs in this family;
therefore, the emergence and rapid expansion of this miR-
NA family are restricted to primates (Bentwich et al. 2005).

Origin and Alu-Mediated Expansion of the Chr19-
Linked miRNA Family

To understand the mechanism of origin and expansion
of the miRNA family, we studied the sequence features.
Prior study demonstrates that the miRNAs of this cluster
are embedded in long (400-700 bp) sequences that are re-
peated along this cluster (Bentwich et al. 2005). In addition,
the miRNAs are separated by Alus (the short interspersed
element specific to primates) and the miRNAs and Alus ac-
count for over two-third of the ~100-kb sequences in hu-
man (Borchert et al. 2006). To test whether similar
sequence structures are shown in nonhuman primates,
we calculated the proportion of the repeat elements. Almost
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Table 1

Copy Number and Genomic Length Variations of the Chr19-Linked miRNA Family in Primates

Species Human Chimp Orangutan Siamang Rhesus Ygm Marmoset Spider Slow Loris
Number 46 46 63 42 44 44 81 85 8-10
Length (kb) 95.8 97.2 NA 87.6 100.3 93.2 156.9 146.8 NA

NoTE.—Ygm refers to Yunnan snub-nosed monkey. Rhesus refers to rhesus monkey. Spider refers to spider monkey. The copy numbers of orangutan and marmoset are
rough estimation because the current assembly is not complete. The copy number of Yunnan snub-nosed monkey is not certain because the BAC clone sequenced did not
cover the complete region of the miRNA family. The copy number of slow loris was estimated by sequencing PCR products amplified using degenerate primers. NA, not

available.

all the repeat elements located within the family region are
Alus, which account for about 50% in each species (sup-
plementary table S4 and see supplementary fig. S3 [Supple-
mentary Material online] for the detailed Alu and miRNA
distributions in this region). In contrast, outside the family
region, much of the repetitive sequences is comprised of
non-Alu repeat elements, such as long terminal repeat
and long interspersed elements (data not shown).

The Alu-mediated rearrangement events have long
been recognized as a common source of local deletions
and duplications associated with genome structure changes
and genetic diseases (Smith et al. 1996; Deininger and
Batzer 1999). Considering the high density of Alus in this
region, we test whether the Alus are involved in the ampli-
fication of this cluster. If the miRNA family were expanded
by Alu-mediated recombination event, the Alus would be
physically located at the boundaries of the miRNA dupli-
cation units (Bailey et al. 2003). We first masked the cluster
region sequences by RepeatMasker to identify the miRNA
duplication units, then reinserted the repeat elements to re-
veal their distribution. We found that the masked duplica-
tion units in human range from 195 to 666 bp and nearly all
units are adjacent to 1 or more Alus in the 5 and/or 3" ends,
consistent with the predicted pattern of Alu-mediated re-
combination. Similar patterns were observed in other pri-
mates. Furthermore, the Alu-mediated recombination
event would be expected to create a mosaic Alu element
at the recombination junction (Bailey et al. 2003), and con-
sequently, the Alus that cross the recombination junction
should have increased sequence divergence when com-
pared with the flanking duplicated sequence or internal
Alu elements (Alus within the duplication) (Bailey et al.

2003). In all 7 traceable duplication events in human
(see details about the definition of traceable duplication
event in supplementary fig. S4, Supplementary Material on-
line), 6 of them have Alus cross the junction. The diver-
gence of the junction Alus is significantly higher than
that of the flanking nonrepeat element sequences
(P = 0.025, 2-tailed paired t-test). Three of the 6 duplicates
contain internal Alus, and their divergence is significantly
lower than the junction Alus (P = 0.013, 2-tailed paired
t-test). In contrast, there is no significant divergence differ-
ence between the flanking nonrepeat element sequences and
the internal Alus (P = 0.22, 2-tailed paired z-test). Several
examples of such divergent Alu alignments are presented in
supplementary figure S5 (Supplementary Material online),
showing the junction Alu elements with increased sequence
divergence, an indication of mosaic sequence structure.
Hence, the sequence analysis at the junction region also
supports that Alus are involved in the amplification of this
miRNA family.

Alus can be categorized into 3 major subfamilies,
which were active at different times during primate evolu-
tion: AluJ (6540 MYA), AluS (45-25 MYA), and AluY
(30 MYA to present) (Batzer and Deininger 2002; Price
et al. 2004). Supplementary figure S6 (Supplementary Ma-
terial online) demonstrates the Alu subfamily proportions
of the miRNA family regions in the 6 primate species
tested. Orangutan and marmoset were not analyzed due
to the incomplete assembly of their draft genome sequen-
ces. The most abundant subfamily is AluS (57% of all
Alus), which had a significant burst of activity after the split
of New World monkeys and prosimians (Bailey et al.
2003), followed by AluJ (34%) and AluY (9%). Most of

chr19
(913.41-913.42)  FLJy16542 ZNF331 DPRX Chr19-linked family ~ 371-373 NLRP12 MYADM PRKCG
OKI) 20Kb 40Kb 60Kb 80Kb 100Kb 120Kb 140‘[’(5'
s & & 4 1 P T T TR T T T T T T ST M N
Human i i }
_EChimpanzee
Siamang H—+ -+ -

_|: Rhesus monkey

Ygm

T T
Myr 40 30 20 10 0

spider monkey HHHHHHHHHHHHHHHHH— A

FiG. 1.—The miRNA distribution in 6 primate species. The 3 newly identified human miRNAs are labeled with asterisks. A phylogenetic tree of 6
primates with the time depth in million years (Myr) (Goodman 1999) is indicated. Ygm refers to Yunnan snub-nosed monkey.
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Table 2

Nucleotide Differences per Site (K x 100) of Pre-miRNAs between and within Species

Species Human Chimp Orangutan Siamang Rhesus Ygm Marmoset Spider Slow loris
Human 25

Chimp 25 25

Orangutan 25 24 24

Siamang 28 27 27 30

Rhesus 28 27 27 29 30

Ygm 25 25 24 28 27 25

Marmoset 32 31 31 34 33 31 34

Spider 32 31 31 34 33 31 34 34

Slow loris 30 28 28 31 30 28 30 31 20

the Alus located at the boundaries of the masked duplica-
tion units are AluS and AluJ. This observation suggests that
the expansion of the miRNA family might start in the com-
mon ancestor of primates, predating the split of New World
monkeys and prosimians, and that AluS, together with
AluJ, leads to the further expansion of the miRNA family
in Anthropoidea (New World monkey, Old World monkey,
ape, and human).

To test whether this miRNA family exists in prosimian
species, we performed BAC-FISH in slow loris. Using the
Yunnan snub-nosed monkey BAC clone covering a 93-kb
region of the miRNA family, we did not observe any signals
in slow loris though signals were detected in the human
sample control (supplementary fig. S7, Supplementary
Material online). This result suggests that the sequence
structure may not be conserved in prosimian species. We
then designed degenerate primers to amplify the potential
miRNA copies in slow loris. A total of ~8 to 10 miRNAs in
this family were identified by cloning and sequencing,
which is much fewer than the copy numbers observed in
other primate species (table 1). As a control, we also con-
ducted the same experiment using human sample, and
40 miRNA copies (87%, 40/46) were identified, therefore
confirming the effectiveness of this approach. Thus, this ob-
servation supports the aforementioned early origin and later
AluS-/AluJ-mediated expansion of the miRNA family.

It should be noted that several miRNAs of this family
share one seed (positions 2—8 of the mature miRNAs, crit-
ical for target recognition [Brennecke et al. 2005]) with the
neighbor mir-371,2,3 family (supplementary fig. S8, Sup-
plementary Material online). The mir-371,2,3 family is con-
served from human to rodents (Suh et al. 2004). Thus, it is
possible that the Chr19-linked family may originate from
one member of the mir-371,2,3 family.

Birth-and-Death Evolution of the Chr19-Linked Family

It is believed that most of protein multigene families
may experience either concerted evolution or birth-
and-death evolution or a mix of these 2 processes (Nei
and Rooney 2005). Sequences evolving in a birth-and-
death process usually have similar or higher between-
species divergence when compared with within-species
divergence. In contrast, sequences evolving in a concerted
fashion result in much smaller within-species divergence
(Piontkivska et al. 2002). To elucidate the evolutionary
process of the Chr19-linked miRNA family, we calculated
the nucleotide divergence between and within species. We

observed similar divergence among copies whether they
are within or between species (table 2). This pattern sug-
gests that the birth-and-death evolution might be the major
process during the expansion of this miRNA family.

Birth-and-death evolution also predicts pseudogenes
as well as between-species orthologs and lineage-specific
losses or gains. To see whether this is the case for the miR-
NA family, we used mfold (Mathews et al. 1999) to predict
the secondary structure for each precursor. The result indi-
cates that most precursors maintain stable hairpin and loop
structures and, therefore, are potentially functional (supple-
mentary fig. S2, Supplementary Material online). But we
did observe disruptions of secondary structures in several
copies resulting in pseudogenes. Four copies (hsa-38,
ptr-38, orang-37, and ygm-37) were found disrupted by
insertions of Alu sequences in the 3’ arm of stem regions
(fig. 2A). The age-21 has an 18-bp deletion in the 5" arm of
the stem regions (fig. 2B). The hairpin structures of age-43
and cja-54 are disrupted because of multiple mutations
(fig. 2C). It should be noted that the pseudo-miRNA pre-
diction is conservative considering that some of the miRNA
copies might be pseudogenes though no obvious secondary
structure disruption was observed.

We also conducted phylogenetic analysis to test
whether there are between-species orthologs and lineage-
specific losses or gains. Through phylogenetic tree recon-
struction using species pairs, we found that all the species
pairs have lineage-specific copies except for the human—
chimpanzee pair (data not shown), a suggestion of gene
gains and/or losses in different lineages. Due to the uncer-
tainty of orthology when analyzing all the copies (>400),
we reconstructed the phylogenetic tree including copies
from 4 species (human, siamang, Yunnan snub-nosed mon-
key, and rhesus monkey) and identified lineage-specific
gene births and gene losses in multiple branches (supple-
mentary fig. S9, Supplementary Material online).

Functional Constraint on the Chr19-Linked miRNA
Family

To understand whether the sequence substitution pat-
tern of the pre-miRNAs is neutral or under secondary struc-
ture constraint, we performed computer simulation. The
consensus sequence of the human pre-miRNAs has a nearly
perfect hairpin structure, suggesting strong secondary struc-
ture constraint (fig. 3A). Next, we performed simulation
based on the consensus sequence and we found that the av-
erage dG of the pre-miRNAs is significantly lower than the
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AluY insertion

hsa-38 CIGTGGCCATCTAGAGGTAAGAAGCACTTTCTGTTGTCTTAAAGAAAAGAAAGTCCAGAAAGTGCTTTCTTTCAGAGGGT TACG
COLCCEEG COGn CCL v CELCLEOCCCCOG s Gl G D) v IINNIINNLININN

B age-consensus GCTGTGACCCTCTAAAGGGAAGCGCTTTCTGTTGTCTGAAAAAAAAAGAAAGTGCCTCCCTTTAGAGTGTTACTGTT
(G CCCCC COCCCCCCCCG COCCCeeet (et 22...003002222.))))))))))).0)))). ).

age-21 GCTGTGACCCTCTA-—————————-

Hefeieieiclokeiciekoioioiok

***** GTCTGAAAGAAAA-GAACGTGCATCCTTTTAGAGGGTTATTGTT

defcieioleiolol delolol ek delelol selek sieeleioiolok delolok elolek

deletion

C hsa-38 (dG = -12 kcal/mol)

age-21 (dG = -19 kcal/mol)

ol
amenls

"y

S

-
My ¢
Y

FiG. 2—The identified pseudogenes in the Chr19-linked miRNA family. (A) AluY inserted into the 3’ arm of pre-miRNAs (hsa-38 as an
example). (B) The alignment of age-21 and spider monkey miRNA family consensus, the deletion of 18 bp is indicated. (C) The secondary structures of

the predicted pseudogenes in hsa-38, age-21, age-43, and cja-54.

randomly mutated sequences (P = 1.8 x 10~ '°, probabil-
ity of the observed dG compared with the normal distribution
of the simulated data set) (fig. 3B), again an indication of sec-
ondary structure constraint of the miRNAs in the family.
Using dbSNP data (dbSNP build 126), we identified
SNPs in the pre-miRNAs and the flanking regions in human
populations. A total of 8 SNPs (including indel polymor-
phisms) were observed in the 45 pre-miRNAs (not includ-
ing pseudogene hsa-38) (fig. 3C). The SNP density (2.1
SNPs per kilobase) in the pre-miRNA region is significantly
lower than that of the flanking region (6.2 SNPs per kilo-
base) (P < 0.02, 2-tailed Fisher’s exact test) (fig. 3C). As
the flanking regions are likely under weak or no functional
constraint, the observed lower SNP density in the pre-

miRNAs suggests selective constraint on the evolution of
this family and its functional importance. In addition, copy
number variants in human populations were not observed
by querying the database of genomic variants (http://
projects.tcag.ca/variation/) (Iafrate et al. 2004) though this
is not conclusive given the limited power of current high-
throughput methods to identify small structure variations in
the human genome.

Expression Pattern and Target Gene Prediction

With the use of mature miRNA cloning and microar-
ray analysis, previous studies examined multiple tissues
(testis, thymus, brain, prostate, fetal brain, and normal term
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Fic. 3.—The results of simulation and SNP density analysis. (A)
The nearly perfect hairpin structure of the human consensus. The dG
value is indicated. (B) The observed average dG of the pre-miRNAs in
human is significantly lower than the randomly mutated sequences
generated by simulation (P = 1.8 x 10~'3, probability of the observed
dG compared with the normal distribution of the simulated data set). The
bars show the frequency distribution of the dG values in a 1,000
simulated data set. The arrow indicates the average dG of real pre-
miRNAs. (C) The SNP density comparison between the pre-miRNAs and
their flanking regions in human. The flanking regions 1-3 represent
successive, nonoverlapping windows with equal lengths to the given pre-
miRNAs. The SNP density of the pre-miRNA region is significantly
lower than the flanking regions (compared with the 5’ flanking region
1[5f1], P = 0.019; with 5f2, P = 0.0013; with 5f3, P = 0.0051;
with 3f1, P = 0.0033; with 32, P = 0.0008; and with 3f3, P = 0.0021.
2-tailed Fisher’s exact test).

placenta) and found that the miRNAs of this family are ex-
pressed in fetal brain and placenta (Bentwich et al. 2005;
Berezikov et al. 2006). To further dissect the expression
pattern, using RNA in situ hybridization and RT-PCR,
we analyzed the human placenta and fetus samples (frontal
brain, mid brain, posterior brain, lung, liver, heart, and
brainstem). The RT-PCR analysis detected the expression
of 21 out of the 46 pre-miRNAs (supplementary table S5
and fig. S10, Supplementary Material online) in one human
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placenta from a 5-week embryo (Carnegie stage 13 or 14
embryo). In fetus (20 weeks), only the expression of
miR-498 was detected in the brain though previous report
detected 14 mature miRNAs of this family (Berezikov et al.
2006). The difference is likely due to either different devel-
opmental stages or the low expression of those miRNAs.
Furthermore, our in situ data indicate that all 3 miRNAs
tested (miR-498, miR-516-5p, and miR-520e) are preferen-
tially expressed in the cytoplasm of syncitiotrophoblasts in
normal term placenta (fig. 4).

To identify potential target genes of this family in the
human genome, we used rna22 (Miranda et al. 2006) and
PITA (Kertesz et al. 2007) to predict miRNA-binding sites.
Both methods do not rely upon cross-species conservation,
therefore, suitable for nonconserved miRNA families. Most
of the predicted target genes are involved in signal trans-
duction and nucleic acid binding. When the genes are
grouped based on their functional classification, there are
significant overrepresentations in several functional catego-
ries including signal transduction, development, and tran-
scription regulation. The full list of the overrepresented
groups is shown in supplementary table S6 (Supplementary
Material online). This is consistent with the expression pat-
tern of this family in fetal brain and placenta, suggesting
a regulatory role during embryo development.

Discussion

Previous studies reported that animal miRNAs could
be derived from repeat elements (Smalheiser and Torvik
2005; Piriyapongsa and Jordan 2007; Piriyapongsa et al.
2007). Our study expands this notion by showing that
the repeat elements surrounding the miRNAs could also fa-
cilitate the emergence of novel miRNAs. It is well known
that the expansion of Alu elements in the common ancestor
of New World monkeys and Old World monkeys facilitated
the expansion of segmental duplications through recombi-
nation (Bailey et al. 2003; Enard and Paabo 2004). Our
study shows that the Alu expansion can also facilitate fre-
quent local duplications of short units, that is, miRNAs. It is
noteworthy that on average, the Chr19-linked miRNA fam-
ily has 4.85 Alus per miRNA in the 6 primate species tested.
This suggests that besides of the Alu elements adjacent to
the masked miRNA duplication units, the Alu elements are
widely dispersed among this region. Thus, we propose that
during the early stage of primate evolution (65-25 MYA),
the AluJ and AluS were inserted into this genomic region
and the Alus were continuously accumulated in this specific
region, and the enrichment of Alus in this region might pro-
mote rearrangement through misalignment and subsequent
nonallelic homologous recombination, which eventually
lead to the formation of the large miRNA family.

Novel miRNAs can emerge through gene duplica-
tions. In the Chr19-linked family, the estimated miRNA
seed numbers range from 6 to 67 in 9 primate species.
For example, in human, there are 48 different mature miR-
NAs (Bentwich et al. 2005) and 30 distinct seeds. There-
fore, the abundant miRNA seeds in the Chrl9-linked
family indicate that novel miRNAs have been rapidly gen-
erated during primate evolution that may lead to functional
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miR-498

C miR-516-5p D miR-520-¢

E Scramble-miR F miR-498

G miR-516-5p H miR-520-¢

—_— N

FiG. 4—Expression of miR-498, miR-516-5p, and miR-520-¢ in human placenta. (A) The standard HE staining of placenta showing the tissue
structure. (B—H) The preferential expression of miR-498, miR-516-5p, and miR-520-¢ in cytoplasm of syncitiotrophoblasts. (F—H) are the zoomed-in
versions of (B-D). (E) Negative control. All photomicrographs were obtained and processed with identical software and hardware settings. Scale bars

for (A), 150 microns; (B—E), 100 microns; and (F—H), 17 microns.

diversification. However, due to the complex homologous
and orthologous relationship of this family among the pri-
mates, it is difficult to infer all the exact mature miRNA
sequences directly through computational methods, thus
preventing us from predicting the possible lineage-specific
target genes in different primate species and probing into
the consequences of miRNA diversification.

Because large differences in gene family size are gen-
erally attributed to the effects of natural selection (Hahn
et al. 2005), we used a statistical approach—CAFE—to
analyze the Chr-19 linked family (Hahn et al. 2005; De
Bie et al. 2006). The result reveals that this family is subject
to a significantly high rate of expansion or contraction among
primates (P = 0), a strong indication of natural selection on
the family size change, which is consistent with the proposed
functional diversification. However, we cannot rule out the
possibility that some of the newly emerged miRNAs on this
cluster are slightly deleterious, but still persist in the ge-
nomes, and their fate was likely dictated by genetic drift.

Concerted evolution and birth-and-death evolution are
2 important mechanisms for multigene families. For pro-
tein-coding genes, multigene families whose members have
the same function in a species are generally believed under-
gone concerted evolution that homogenizes the DNA se-
quences of the gene members. In contrast, protein gene
families, particularly those producing variable gene prod-
ucts, are usually subject to birth-and-death evolution, such
as major histocompatibility complex (MHC) genes (Nei
et al. 1997), immunoglobulin genes (Nei et al. 1997),
and MADS-box genes (Nam et al. 2004) (for review, see
Nei and Rooney 2005). Our data on the Chr19-linked miRNA

family support the birth-and-death evolution in primates; thus,
functional diversification might be one of the major outcomes
from the expansion of this family. The observed abundant
miRNA seeds agree with this notion, implicating functional
divergence among members of this family. However, some
precursors generate same mature miRNAs and the seed num-
bers are still much less than the copy numbers, suggesting that
dosage effect might be also important for the function of
this miRNA family though we cannot rule out the possibility
of recently duplicated nonfunctional copies. Hence, both
the sequence diversity of mature miRNAs and the dosage
effect of copy number variations within and between species
could allow fine-tuning of target gene repression during
development, which is consistent with the hypothesized evo-
lutionary pattern of miRNAs (Bartel and Chen 2004).

Why do primate genomes maintain so many copies of
miRNAs in this family? With the use of small RNA library
sequencing strategy, Landgraf et al. (2007) set up an “atlas”
of miRNA expression in 26 different organs and cell types.
According to the atlas, the Chr19-linked family is expressed
mostly in placenta but not in embryonic stem cell as ob-
served in the mir-371,2,3 family (Suh et al. 2004). Thus,
the function of the Chr19-linked family might be different
from the mir-371,2,3 family. Also, the individual miRNA
of the Chr-19 family is not the most highly expressed miR-
NA in placenta. But the family in total are the most abun-
dantly expressed miRNAs in placenta, implicating that the
functional requirement in placenta facilitates the presence
of abundantly expressed miRNAs, just like the miR-430
gene family reported in zebrafish (Giraldez et al. 2005),
though their evolutionary patterns might be different.
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The miR-430 family in zebrafish has more than 90 cop-
ies spanning 120 kb in the genome (Giraldez et al. 2005). It
is the most abundant miRNA family expressed during ze-
brafish early development, and it is shown to facilitate the
deadenylation and clearance of maternal mRNAs during
early embryogenesis and regulate brain morphogenesis in
zebrafish (Giraldez et al. 2005, 2006). In the miR-430 fam-
ily, there is only one miRNA seed though more than 90 cop-
ies, suggesting functional conservation of this miRNA gene
family. Interestingly, this seed is also present in the mir-
371,2,3 family and the Chr19-linked family. In fact, this
seed belongs to an miRNA superfamily that includes the
vertebrate miR-17-miR-20 family, the miR-371,2,3 family,
the miR-302 family, and the zebrafish miR-430 family.
It was suggested that the miR-430 family might share evo-
lutionary origins with some of the miRNAs expressed spe-
cifically in embryonic stem cells, including miR-302 and
miR-372, which have the same seed nucleotide sequences
and derive from the same arm of the hairpin (Giraldez et al.
2005). But there are many other miRNA seeds in the Chr19-
linked family, suggesting that the functional outcomes of
expansion of these 2 miRNA families are probably differ-
ent. Furthermore, the sequence substitution rates in the
mature miRNA (Km) and the precursor (Kp) regions are
also different between the miR-430 and Chr19-linked fam-
ilies. The Chr19-linked family has a much higher Km/Kp
ratio (0.36 vs. 0.23 in human) compared with miR-430
(0.18 vs. 0.46 in zebrafish). Taken together, the difference
between the Chr19-linked family and the miR-430 family
suggests that the high copy number in zebrafish likely re-
sults in dosage-dependent regulation, whereas the multiple
copies in primates might lead to functional diversification.

In mammalian species including primates, placenta
has a short life span but is crucial for survival and devel-
opment of embryo and fetus. The syncytiotrophoblast in
placenta synthesizes the steroid hormones, that is, proges-
terone and estrogen, and it is the primary source of the gly-
coprotein hormone, which plays a pivotal role during
embryo development (Page 1993). Hence, the preferential
expression of the Chr19-linked family in syncytiotropho-
blast suggests its critical involvement in embryo develop-
ment of primates, which is also supported by the predicted
target genes overrepresenting the functional categories of
signal transduction, development, and transcription regula-
tion.

In conclusion, we provide evidence of rapid expansion
of a primate-specific miRNA family, mediated by the rich
Alu elements in this region. We also demonstrate the birth-
and-death evolution of this family, suggesting functional
diversification during primate evolution.

Supplementary Material

Supplementary figures S1-S10 and tables S1-S6 are
available at Molecular Biology and Evolution online
(http://www.mbe.oxfordjournals.org/).
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