MicroRNA duplication accelerates the recruitment
of new targets during vertebrate evolution
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ABSTRACT

The repertoire of miRNAs has considerably expanded during metazoan evolution, and duplication is an important mechanism for
generating new functional miRNAs. However, relatively little is known about the functional divergence between paralogous
miRNAs and the possible coevolution between duplicated miRNAs and the genomic contexts. By systematically examining
small RNA expression profiles across various human tissues and interrogating the publicly available miRNA:mRNA pairing
chimeras, we found that changes in expression patterns and targeting preferences are widespread for duplicated miRNAs in
vertebrates. Both the empirical interactions and target predictions suggest that evolutionarily conserved homo-seed duplicated
miRNAs pair with significantly higher numbers of target sites compared to the single-copy miRNAs. Our birth-and-death
evolutionary analysis revealed that the new target sites of miRNAs experienced frequent gains and losses during function
development. Our results suggest that a newly emerged target site has a higher probability to be functional and maintained by
natural selection if it is paired to a seed shared by multiple paralogous miRNAs rather than being paired to a single-copy
miRNA. We experimentally verified the divergence in target repression between two paralogous miRNAs by transfecting let-7a
and let-7b mimics into kidney-derived cell lines of four mammalian species and measuring the resulting transcriptome
alterations by extensive high-throughput sequencing. Our results also suggest that the gains and losses of let-7 target sites
might be associated with the evolution of repressiveness of let-7 across mammalian species.
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INTRODUCTION Mature miRNAs are small noncoding RNAs (20-24 nt in
length) produced from precursors (60-120 nt) that form sta-
ble stem—loop structures (Kim and Nam 2006; Bartel 2009;
Carthew and Sontheimer 2009). miRNAs down-regulate tar-
get genes through mRNA destabilization or translational re-
pression (Kim and Nam 2006; Bartel 2009; Carthew and
Sontheimer 2009). The miRNA:mRNA interaction in meta-
zoans is initiated by perfect pairing between the seed se-
quence (position 2-8) of a miRNA and its target site that is
typically located in the 3’ UTR of a protein-coding gene
(Bartel 2009). Since perfect pairing between the seed and a
target site is crucial for target recognition (Bartel 2009),
most studies have assumed that miRNAs with the same seeds
target the same set of genes (Enright et al. 2003; Stark et al.
2003; John et al. 2004; Rajewsky and Socci 2004; Brennecke
et al. 2005; Griin et al. 2005; Lewis et al. 2005; Friedman et
al. 2009; Li et al. 2009). Metazoan miRNAs are evolutionarily
dynamic (Berezikov et al. 2006; Fahlgren et al. 2007; Zhang et
al. 2007, 2008; Lu et al. 2008a,b; Liang and Li 2009; Berezikov
2011; Mohammed et al. 2013, 2014a,b; Lyu et al. 2014; Wang

Gene duplication is an important mechanism that generates
genetic and phenotypic novelties (Hughes 1994; Lynch and
Conery 2000, 2003; Gu et al. 2002, 2003; Zhang 2003;
Taylor and Raes 2004; Kaessmann et al. 2009; Innan and
Kondrashov 2010; Qian and Zhang 2014). It is well estab-
lished that the duplicated copies of protein-coding genes
can have distinct fates over long-term evolution, including
nonfunctionalization (Albalat and Cafestro 2016), dosage ef-
fects (Hughes et al. 2007), neofunctionalization (Zhang et al.
2002; Assis and Bachtrog 2013), and subfunctionalization
(Lynch and Force 2000). However, much less is known about
the functional divergence between paralogous noncoding
RNAs and the underlying evolutionary principles. Of the var-
ious categories of noncoding RNAs encoded in the mamma-
lian genomes, microRNAs (miRNAs) serve as a paradigm for
studying functional divergence between the paralogs and the
possible coevolutionary processes between the duplicated
miRNAs and the genomic contexts.
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et al. 2016), and the repertoire of functional miRNAs has
gradually expanded during metazoan evolution (Hertel et
al. 2006; Wheeler et al. 2009; Berezikov 2011). Duplication
is an important mechanism for miRNA expansions. A large
number of functionally essential miRNAs are duplicated
and highly conserved across metazoan species (Kim and
Nam 2006; Carthew and Sontheimer 2009; Berezikov 2011).

The paralogous miRNAs can diversify their functions by
changing the nucleotides in the seeds or shifting the seeds
in the mature miRNAs (Berezikov 2011; Sun et al. 2013;
Mohammed et al. 2014a; Ninova et al. 2014). Since seeds
are crucial for target repression, the change or shift of seeds
would direct the duplicated miRNAs to regulate different
sets of target genes (Berezikov 2011). Many paralogous
miRNAs maintained the same seeds (or even the whole ma-
ture sequences) after duplication (Lu et al. 2008a,b; Berezikov
2011; Ninova et al. 2016; Wang et al. 2016). Since mature
miRNA sequences outside the seed regions can also affect
the specificity of miRNA targeting (Grimson et al. 2007;
Bartel 2009; Shin et al. 2010; Wolter et al. 2014; Moore
et al. 2015), the paralogous miRNAs could also regulate dif-
ferent sets of target genes even if they share the same seeds
(Wolter et al. 2017). Therefore, miRNA duplication followed
by the possible neo/subfunctionalization of the paralogs
might play crucial roles in the post-transcriptional regulation
of gene expression.

miRNA regulation has a significant impact on the evolu-
tion of metazoan 3’ UTRs (Farh et al. 2005; Stark et al.
2005; Bartel 2009). Although a large number of mutations in
the 3’ UTRs potentially create or destroy miRNA target sites
(Chen and Rajewsky 2006; Clop et al. 2006; Saunders et al.
2007; Sethupathy and Collins 2008; Chen et al. 2009; Gong
et al. 2012; Li et al. 2012; Lu and Clark 2012; Moszynska
etal. 2017), only a small fraction of the target sites are evolu-
tionarily conserved and likely to be functional (Enright et al.
2003; Stark et al. 2003; John et al. 2004; Rajewsky and Socci
2004; Brennecke et al. 2005; Griin et al. 2005; Lewis et al.
2005; Bartel 2009; Friedman et al. 2009; Li et al. 2009).
Previous studies suggest that the functional development of
miRNA target sites might be evolutionarily dynamic, with
frequent gains and losses of target sites during this evolution-
ary process (Xu et al. 2013; Liu et al. 2015). The functional
targets might be maintained by purifying selection, whereas
the neutral or deleterious ones would degenerate by random
mutations before or even after they are fixed in the popula-
tions. Many factors might affect the evolutionary patterns
of miRNA target sites. In particular, it remains unclear
whether the evolution and functional development of
miRNA target sites are affected by miRNA duplication.
Compared to a single-copy miRNA, the duplicated copies
of miRNAs might have more flexibility to fine-tune the
miRNA:target pairing (Grimson et al. 2007; Bartel 2009;
Shin et al. 2010; Wolter et al. 2014, 2017; Moore et al.
2015). Moreover, the duplicated miRNAs might have diver-
gent expression patterns across tissues (Aboobaker et al.
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2005; Ason et al. 2006; Landgraf et al. 2007; Ruby et al.
2007; Liu et al. 2008; Roush and Slack 2008; Berezikov
2011; Wolter et al. 2017), which allows them to coevolve
with mRNAs in more temporal or spatial environments.
Hence, it would be interesting to examine the relationship
between miRNA duplication and target site evolution.

In this study, we first present evidence that changes in ex-
pression patterns and targeting preferences are not uncom-
mon for duplicated miRNAs in vertebrates. Then we show
that the newly emerged target sites have higher chances to be-
come functional during evolution if they are targeted by
homo-seed duplicated miRNAs than by single-copy
miRNAs. Finally, we verify our results by transfecting two
paralogous miRNAs (let-7a and let-7b) into kidney-derived
cell lines of four mammalian species, and quantifying the
transcriptome alterations with extensive high-throughput
sequencing.

RESULTS

The majority of the evolutionarily conserved human
miRNAs are duplicated

Since most nonconserved miRNAs are lowly expressed and
nonfunctional (Lu et al. 2008b; Liang and Li 2009;
Berezikov et al. 2010; Kozomara and Griffiths-Jones 2014;
Lyu et al. 2014; Patel and Capra 2017), we primarily focused
on the human miRNAs that are evolutionarily conserved
throughout in this study. Briefly, we downloaded the annota-
tions and duplication information (based on the homology of
the precursor sequences) of the miRNAs from miRbaseV21
(Kozomara and Griffiths-Jones 2014). The conservation pat-
terns of the mature miRNAs of humans were examined in the
UCSC 100-way vertebrate genome alignments. We followed
previous studies (Friedman et al. 2009; Agarwal et al. 2015)
and defined the “mammalian conserved” and “broadly con-
served” miRNAs based on the conservation patterns of the
seed sequences in the mature miRNAs (Materials and
Methods). In total, we identified 352 miRNA precursors
that encode evolutionarily conserved mature miRNAs in ver-
tebrates (Supplemental Table S1), and 207 (58.8%) of these
miRNA precursors were duplicated based on the homology
of precursor sequences. Based on the seed sequences of the
paralogous miRNAs, we divided the duplicated miRNAs
(DmiRs) into three categories (Fig. 1A,B; see Supplemental
Fig. S1 for examples): (i) the homo-seed families, in which
all the paralogous mature miRNAs in a family share the
same seeds (125 precursors, 42 families); (ii) the hetero-
seed families, in which each paralog of a family has a distinct
seed (19 precursors, nine families); and (iii) the homo-het-
ero-seed (HH-seed) families (63 precursors, 11 families).
The sequence comparisons suggest that nucleotides 13—17
in the mature miRNAs are generally more conserved
(>80% identity) between two paralogous miRNAs that share
the same seeds (Fig. 1C, left panels), which is consistent with
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FIGURE 1. The divergence in sequences and expression patterns between duplicated miRNAs. (A) The classification of human miRNAs that are evo-
lutionarily conserved. Based on the seed sequences of the paralogous miRNAs, the DmiRs are divided into three categories: (1) the homo-seed families;
(2) the hetero-seed families; and (3) the homo-hetero-seed (HH-seed) families. For the single-copy mRNAs, they can have seeds identical to other
miRNAs that do not have sequence similarity in the precursors due to convergent evolution (Convergence), or they have unique seeds (SCUmiRs).
(B) The numbers of miRNA precursors in each of the five categories as described in A. (C) The proportion of nucleotides that are identical between
two paralogous miRNAs (y-axis) along the position (x-axis) of the mature miRNAs. On each position, the proportion of the pairwise comparisons that
have the same nucleotides out of the total number of pairwise comparisons (y-axis) is given. “HH-seed same,” the paralogous miRNAs that share the
same seeds in the HH-seed families; “HH-seed diff,” the paralogous miRNAs that have different seeds in the HH-seed families. Positions 2—8 are shown
in red. (D) Hierarchical clustering of 574 miRNAs from 181 nonredundant human tissues/cell lines using WGCNA. The color row below the dendro-
gram shows the module assignment for each miRNA. The histogram shows the number of miRNA families ( y-axis) that had paralogous miRNAs as-
signed to a single (1, x-axis) module or multiple (2, 3, or 4, x-axis) modules. Five representative miRNA families that had paralogs assigned to at least
two different modules are given, with each miRNA member labeled in the same color as the module containing that miRNA. (E) The number of
miRNA families (y-axis) that had broadly conserved paralogs assigned to different numbers of modules (x-axis). (F) The observed number of
miRNA families that had paralogous copies assigned to at least two different expression modules (the red arrow) and the distribution of the simulated
numbers (x-axis) obtained by randomly permuting the miRNA: module assignments for 10,000 replicates (the mean is 25, and 95% CI is [22, 26]).
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previous observations (Baek et al. 2008; Wolter et al. 2017).
Notably, between paralogous miRNAs that have different
seeds, the sequence similarities are lower in both the 5" and
3’ ends of the mature miRNAs (Fig. 1C, right panels). These
results suggest (i) that maintaining the same seed between
two paralogous miRNAs might also constrain the evolution
of nucleotides outside the seed regions, and (ii) that consid-
erable nucleotide substitutions have accumulated between
the paralogous miRNAs after duplications, which might
lead to functional diversifications. We found 133 evolution-
arily conserved single-copy miRNAs, each of which has a
unique seed (SCUmiRs). Interestingly, we found another
12 miRNAs that are single-copy and have seeds identical to
other conserved miRNAs, although their precursors do not
have sequence similarities (Supplemental Fig. S1D). Since
the seeds are very short and new miRNAs often de novo orig-
inate, the most parsimonious explanation is that these mi-
RNAs are under convergent evolution toward the same seeds
(Convergence), as previously shown (Ninova et al. 2016).
In summary, the majority of the evolutionarily conserved
human miRNAs are duplicated, suggesting that duplication
is an important mechanism to expand the repertoire of func-
tional miRNAs. The extensive nucleotide substitutions inside
and outside the seed regions might cause the paralogous
miRNAs to gain targeting specificity. Convergent evolution
causes miRNAs of different origins to have the same seeds,
which might enable them to target overlapping genes.

Expression divergence between duplicated miRNAs
across human samples

The duplicated copies of protein-coding genes are often dif-
ferent in expression patterns (Gu et al. 2003, 2004; Zhang
2003). Similarly, temporal or spatial expression divergence
was observed between paralogs for a few miRNA families
(Aboobaker et al. 2005; Ason et al. 2006; Landgraf et al.
2007; Ruby et al. 2007; Liu et al. 2008; Roush and Slack
2008; Berezikov 2011; Wolter et al. 2017). To test whether
such a pattern exists for most DmiRs, we retrieved the expres-
sion profiles of mature miRNAs (precursors that encode the
same mature miRNAs were collapsed; Supplemental Table
S2) in 181 nonredundant small RNA libraries (Supplemental
Table S3). We conducted the weighted gene coexpression
network analysis (WGCNA) (Langfelder and Horvath 2008;
Zhao et al. 2010) to identify the coexpressed miRNA modules
(Materials and Methods). Among the 35 miRNA families that
had at least two broadly conserved paralogs expressed in the
examined libraries (in total, 107 miRNAs), 17 families (63
miRNAs) had paralogs assigned to at least two different
expression modules (Fig. 1D,E). This result suggests that ex-
pression divergence between paralogous miRNAs is wide-
spread in humans. For example, the paralogs of many
miRNA families, such as let-7, mir-15, mir-25, mir-130, and
mir-181, showed high levels of divergence in expression pat-
terns across the human samples (Fig. 1D). As the miRNA

790 RNA, Vol. 24, No. 6

precursors in a cluster are usually transcribed as a single
unit (Baskerville and Bartel 2005; Saini et al. 2007; Ozsolak
et al. 2008; Wang et al. 2009; Ryazansky et al. 2011), the ex-
pression levels of the mature miRNAs in the same cluster
tend to be similar (Marco et al. 2013; Wang et al. 2016). To
test whether the expression divergence between paralogous
miRNAs is overall under selective constraints, we randomly
permuted the miRNA:module assignments while maintain-
ing the clustering structure of microRNAs (Materials and
Methods). Occasionally, one mature miRNA was located in
multiple genomic locations. We first assigned such a miRNA
to the largest cluster and conducted the simulations. With
this simulation approach, we found the observed number
of miRNA families (17) that had paralogous copies assigned
to at least two different expression modules was significantly
lower (P =0.0001) than that obtained under the assumption
of randomness (the mean is 25, and 95% CI is [22, 26]; Fig.
1F). Similar results were obtained when we only considered
the miRNAs that were uniquely mapped on the human ge-
nomes (the observed number is 13 versus 16 with 95% CI
[14, 17] in the simulations, P = 0.0143, Materials and Meth-
ods). Thus, although many paralogous miRNAs are divergent
in expression patterns, the general trend is that the expression
divergence between paralogous miRNAs is under selective
constraints.

The duplicated protein-coding genes tend to be more dif-
ferentially expressed across strains/species than the single-
copy ones (Gu et al. 2004). Here, we asked whether such a
pattern can be observed for miRNAs. We retrieved miRNA
expression profiles from five tissues (brain, cerebellum, heart,
kidney, and testis) of five vertebrate species (human, ma-
caque, mouse, opossum, and chicken) quantified in a previ-
ous study (Meunier et al. 2013) (Materials and Methods;
Supplemental Table S4). On average, ~30% of the broadly
conserved miRNAs were differentially expressed (greater
than or equal to fourfold change) between humans and other
vertebrate species (Fig. 2A). Interestingly, we did not find that
the DmiRs were more differentially expressed between hu-
mans and other species than the SCUmiRs (Fig. 2A).
Similar observations were made when we considered all the
conserved miRNAs (Supplemental Fig. S2). To independent-
ly verify this pattern, we also deep-sequenced the small RNAs
in three kidney-derived cell lines: 293FT (human), CV-1
(green monkey), and NRK (rat) (Materials and Methods).
We still found that the level of differential expression between
humans and other species is similar for the SCUmiRs and
DmiRs (Fig. 2B). Thus, the duplicated miRNAs exhibit dis-
tinct features from duplicated protein-coding genes in ex-
pression evolution across species.

Divergence in target pairing between paralogous
miRNAs

The paralogous miRNAs could change their nucleotides to
pair with different target sites (Berezikov 2011). Occasionally,


http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1
http://www.rnajournal.org/lookup/suppl/doi:10.1261/rna.062752.117/-/DC1

MicroRNA duplication and target evolution

A [ | || Single-copy miRNAs B -Slngl-e—copy
Duplicated miRNAs ESlouplicated

hick -

> 0.6- n " chicken opossum mouse macaque 7 * =>. 0.6

S 4, 2 R 50 1 S o

:‘E’ ; s 8 ‘Gé; ; %

[

o X0.4- t P 53 o X 0.4+ \

ez N \ 14 E £ \

EE N \ 21 54 35 \

25 “N N N 68 A 3 ] N

53 N N 4 & 22 1IN

§ 2024 | N N o [ W 5202 N

£ 810 R N N £ |IN

s g A \ \ g & \

oo N N N o9 \

o N N N a N L

o 0.0~ N \ \ 0.0- A N

Brain Cerebellum Heart

Kidney Testis 293FT versus CV-1 NRK
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mans and other vertebrate species. (A) The comparisons in five tissues between human and macaque, mouse, opossum, or chicken. (B) The com-
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two paralogous miRNAs with different seeds might still target
different sites of the same gene. For the broadly conserved
hetero-seed or HH-seed miRNA families that have at least
one evolutionarily conserved target site (Pcr>0.5 in
TargetScan [Agarwal et al. 2015]), only a few target genes
were shared between two paralogous miRNAs that have dif-
ferent seeds (Fig. 3A). For example, miR-34a/c-5p (the seed is
GGCAGUG) has 602 conserved target sites (Pct > 0.5), while
one nucleotide shift of the seed sequence in miR-34b-5p
(AGGCAGU) causes this miRNA to have no conserved target
site (Supplemental Fig. S3). Alternatively, when we examined
the target sites with context++ score < —0.3 (Grimson et al.
2007; Agarwal et al. 2015), which are located in optimized ge-
nomic context for targeting but not necessarily conserved, we
also found that ~2% of the target genes were shared between
two paralogous miRNAs that do not share the same seeds
(Supplemental Fig. S4). Hence, changing or shifting of seeds
after miRNA duplication has diversified miRNA target
repertoire.

Mature miRNA sequences outside the seed regions also af-
fect the specificity of miRNA targeting (Grimson et al. 2007;
Bartel 2009; Shin et al. 2010; Wolter et al. 2014; Moore et al.
2015). Hence, paralogous miRNAs might regulate different
sets of target genes even if they share the same seeds
(Wolter et al. 2017). Since it is challenging to in silico predict
the targeting preferences for paralogous miRNAs that share
the same seeds, we examined the miRNA:mRNA pairing chi-
meras identified in previously published AGO HITS-CLIP
studies (Helwak et al. 2013; Moore et al. 2015). In the first
data set, thousands of miRNA:mRNA chimeras were identi-
fied using CLASH (cross-link and sequencing of hybrids) in
human HEK-293T cells (Helwak et al. 2013). A salient obser-
vation of this data set is that only a small fraction of the canon-
ical target genes was shared between paralogs in a DmiR
family (Fig. 3B, left panel; detailed information for the top
five miRNA families that have the highest numbers of exper-
imentally detected targets is given in the right panel). We also
found that paralogous miRNAs tend to pair with different sets

of canonical target genes in the second data set (Fig. 3C),
which captured 130,000 endogenous miRNA:mRNA chime-
ras using a modified AGO HITS-CLIP strategy termed
CLEAR (covalent ligation of endogenous Argonaute-bound
RNAs)-CLIP in mouse brains (Moore et al. 2015).
Altogether, these AGO HITS-CLIP data sets provide experi-
mental evidence for the existence of widespread divergence
in target site recognition between paralogous miRNAs.

The evolutionary dynamics are different for targets
of SCUmiRs versus homo-seed DmiRs

Since the DmiRs are often divergent in target recognition, we
postulate that the evolutionary dynamics are different for tar-
gets of SCUmiRs versus those of homo-seed DmiRs (Fig. 4A).
Under this model, a newly emerged target site has a higher
probability to be functional and maintained by natural selec-
tion if it is paired to a seed shared by multiple paralogous
miRNAs (P,) than being paired to a SCUmiR (P;). On one
hand, the nucleotide changes outside the seed regions of
the DmiRs might provide more optimized contexts for the
miRNA: target pairing (Fig. 4A). Moreover, expression diver-
gence would cause the DmiRs to be exposed to more mRNAs
in more spatial and temporal environments, which might
also increase the chance for a new target site to develop func-
tion (Fig. 4A). As a consequence, this model predicts that the
broadly conserved homo-seed DmiRs would have higher
numbers of functional target sites than the SCUmiRs.

Since the functional target sites are usually evolutionarily
conserved (Bartel 2009), we first examined the conservation
patterns of the target sites for the SCUmiRs and homo-seed
DmiRs. Based on the 3’ UTR alignments of 16 vertebrate spe-
cies (12 primates, mouse, rat, chicken, and American alliga-
tor), we traced the births and deaths of the canonical target
sites (perfect seed matching) for each broadly conserved
miRNA (42 homo-seed DmiR families and 30 SCUmiRs).
For both classes of miRNAs, the target sites evolved in
a birth-and-death manner (Supplemental Fig. S5A; the
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: Target Target Common
Family ID Seed A LTBaaA Seed B numberB  targets
mir-10 ACCCGUA (miR-99a/99b/100-5p) 0 ACCCUGU(miR-10a/10b-5p) 165 0
ACCCGUA (miR-99a/99b/100-5p) 0 CCCUGAG (miR-125a/125b-5p) 669 0
ACCCUGU (miR-10a/10b-5p) 165 CCCUGAG (miR-125a/125b-5p) 669 29
mir-122 GGAGUGU (miR-122-5p) 17 UUAGUGU(miR-3591-5p) 0 0
. AAAGUGC (miR-106a/106b/ .
mir-17 17/208/200/93-5p) 1065 AAGGUGC (miR-18a/18b-5p) 138 40
mir-216 AAUCUCA(miR-216a-5p) 103 AAUCUCU (miR-216b-5p) 97 36
mir-219 GAUUGUC (miR-219a-5p) 315 GAUGUCC (miR-219b-5p) 0 0
mir-34 GGCAGUG (miR-34a/34c¢-5p) 602 AGGCAGU (miR-34b-5p) 0 0
mir-449 GGCAGUG (miR-449a/449b-5 602 AGGCAGU (miR-449c-5 0 0
( p) ( P)
mir-8 AACACUG (miR-141/200a-3p) 220 AAUACUG (miR-200b/200¢/429-3p) 753 42
B C
mir-103 (2) M specific targets  mjiR-92b-3p mir-500 (2)] ™ Secific targets mir-30b-5p-
Common targets miR-26-3p mir-193 (2) Common targets miR-30e-5p-
mir-148 (2) miR-92a-3p mir-132 (2) “‘i';'—;‘;d'gp:
: miR-18b-6p ir-204 (2 miR-S"a-5p
mir-130 (3) . mir-204 (2) miR-30c-5p-
MiR=1088-5p mir-19 (2) miR-26b-5p-
mir-181 (3) miR-93-6p mir-135 (2) miR-26a-5p-
miR-106b-5p mir-221 (2) miR-23b-3p~
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FIGURE 3. Divergence in target pairing between the paralogous miRNAs. (A) The numbers of target sites shared between two seeds (common tar-
gets) in the hetero-seed and HH-seed miRNA families (target sites were predicted with TargetScan Pcr > 0.5). The broadly conserved miRNAs that
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detailed gain-and-loss information for each miRNA/family
was given in Supplemental Fig. S5B,C). We primarily focused
on the target sites that are maintained in extant humans, with
the assumption that a functional target site would not be lost
after emergence. We inferred the length of each branch in the
phylogenetic tree regarding evolutionary units (number of
mutations per nucleotide site per generation) and summa-
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rized the net gains of putative target sites in that branch
(Fig. 4B). We uncovered a significantly negative correlation
between the age of a branch (the middle point of the branch
to extant humans) and the number of target sites net-gained
per evolutionary unit in that branch (Pearson’s r = —0.94 and
—0.92 for targets of the SCUmiRs and homo-seed DmiR fam-
ilies, respectively, P<0.01 in each analysis; Fig. 4C). This
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FIGURE 4. The evolutionary dynamics of canonic target sites for the SCUmiRs and homo-seed
DmiRs. (A) A scheme describing how the evolutionary dynamics are different for targets of
SCUmiRs versus homo-seed DmiRs. A point mutation (red) in the 3’ UTR generates a new target
site that is perfectly paired to the seed of a miRNA. The probability that the target site becomes
functional and maintained by natural selection during evolution is P, if it is paired to the seed of
SCUmiR, and P; if it is paired to the seed of homo-seed DmiRs. Accordingly, the probability that
the target site is lost during evolution is 1 — P; and 1 — P,, respectively. We postulate that P, would
be higher than P; based on the following considerations: (1) The nucleotides outside the seed re-
gions of the homo-seed DmiRs might have more flexibility to optimize the miRNA: target pairing;
and (2) the expression divergence would cause the duplicated copies of the homo-seed DmiRs to
be exposed to more mRNAs in more spatial and temporal environments, which might also in-
crease the chance for a new target site to develop function. Based on this model, during long-
term evolution, the seeds of the homo-seed DmiRs would have higher numbers of functional tar-
get sites than those of the SCUmiRs. (B) The average number of net-gained target sites per seed in
the branches leading to extant humans for the broadly conserved miRNAs that originated before
the split of birds and mammals (30 SCUmiRs, left; and 42 homo-seed DmiR families, right). The
target sites were predicted with TargetScan with the requirement of perfect seed pairing (7mer-
m8 and 8mer). b0-b9 represents the branches leading to extant humans. The number of target
sites in b0 is the target sites (per seed) that are ancient and conserved in all 16 species. Branch
length is not scaled. (C) Correlation between the age of a branch (x-axis) and the rate of net
gained target sites in that branch (y-axis). (Legend continues on next page)

pattern suggests (i) that the newly
emerged miRNA target sites experience
births and deaths at high rates, and (ii)
that the majority of the newly emerged
target sites are evolutionarily transient,
and have not had time to degenerate.
This pattern holds for both the
SCUmiRs and homo-seed DmiR families
(Fig. 4C).

Although the numbers of target sites of
the broadly conserved homo-seed DmiR
families were slightly higher than those
of the SCUmiRs, the difference was
not statistically significant (P =0.088,
Wilcoxon—-Mann—Whitney [(WMW]
test, Fig. 4D; similar results were ob-
tained when we separately examined the
7mer-m8 and 8mer types of target sites,
Supplemental Fig. S6A,B). Nevertheless,
among the conserved target sites predict-
ed by TargetScan (Pcr> 0.5), the seeds of
the homo-seed DmiR families paired to
significantly higher numbers of target
sites than those of the SCUmiRs (P=
1.48 X 107>, WMW test, Fig. 4E; see Sup-
plemental Table S5 for details).
Moreover, the homo-seed DmiR families
had a significantly higher number of tar-
get sites that were located in the opti-
mized genomic contexts for miRNA
targeting (context++ score < —0.3) than
the SCUmiRs (P=6.93x 107, WMW
test, Fig. 4F). Analogous results were ob-
tained when we examined the CLASH
and CLEAR experimental data sets
(Supplemental Fig. S6C,D). All these re-
sults support the notion that the homo-
seed DmiR families have acquired higher
numbers of putative functional target
sites than the SCUmiRs, as we illustrate
in Figure 4A. Next, we stratified the
net-gained target sites into different
ages on the phylogenetic tree. In each
branch, we examined the difference in
numbers of acquired target sites for the
SCUmiRs versus the homo-seed DmiR
families  (Supplemental Fig.  S6E).
Interestingly, the numbers of target sites
that were net-gained in the ancient
branches (b1, b2, b3, and b4) and con-
served in humans and at least seven other
Catarrhini species (hominoids and the
old world monkeys, see Fig. 4B) were
higher for the homo-seed DmiR families
than the SCUmiRs (P<0.05 for the
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comparisons in bl and b2, WMW test, Fig. 4G). Similarly, at
the cutoff of context++ score < —0.3, the numbers of target
sites acquired in branches b1 and b2 and preserved in extant
humans were also significantly higher for the homo-seed
DmiR families than the SCUmiRs (P < 0.01 in each compar-
ison, WMW test, Fig. 4H). Therefore, our results suggest that
anewly emerged target site is more likely to be functional and
preserved during evolution if it is targeted by the homo-seed
DmiRs. It is known that two rounds of whole-genome dupli-
cations (2rWGDs) occurred at the base of the vertebrate lin-
eage, which preceded the most recent common ancestor of
the 16 vertebrate species we examined (Ohno et al. 1968;
Dehal and Boore 2005; Panopoulou and Poustka 2005).
Since all the broadly conserved homo-seed DmiR families
and SCUmiRs we examined also formed before the radiation
of these 16 species (Fig. 4B), the significant differences in the
numbers of target sites gained in the ancient mammalian
branches (bl and b2) between the two classes of miRNAs
are unlikely to be directly caused by the 2rWGDs. In sum-
mary, all these observations support the notion that the pu-
tatively functional target sites are recruited at higher rates if
they are paired to homo-seed DmiRs than the SCUmiRs.
Notably, target sites were frequently lost during evolution
(red in Supplemental Fig. S5A), and such loss events were sig-
nificantly enriched in the younger branches that lead to ex-
tant humans (Pearson’s coefficient between the rate and
age of a branch is r=—0.86 and —0.89 for sites pairing to
the seeds of the broadly conserved homo-seed families and
SCUmiRs, respectively; P <0.05 in each analysis; Fig. 4I).
To test whether the loss events are different for the target sites
of the homo-seed DmiR families versus the SCUmiRs, for
each branch we calculated the proportion of the target sites
that initially originated in that branch but were eventually
lost in extant humans (Supplemental Fig. S7A). In general,
~10% of the target sites that originated in the ancient branch-
es (bl-b6) are finally lost in extant humans. Interestingly,

compared to those of SCUmiRs, the target sites of the
homo-seed DmiR families overall experienced marginally
lower loss probabilities during evolution (P =0.05, WMW
test, Supplemental Fig. S7B). Similar patterns were observed
when we individually examined the target sites that originat-
ed in branches b1, b3, and b5 (Supplemental Fig. S7A). Thus,
the putative functional target sites are also under stronger
selective constraints from being lost if they are paired to the
homo-seed DmiRs than by SCUmiRs.

Stronger repressive effects of let-7b than let-7a
in cellular transfection experiments

Our results suggest that paralogous miRNAs can target dif-
ferent sets of target genes even if they share the same seeds.
Remarkably, the evolutionary dynamics of target sites are
different for SCUmiRs and homo-seed DmiRs. To experi-
mentally verify these results, we transfected let-7a and let-
7b mimics into kidney-derived cell lines of four mammalian
species (Human, 293FT; Macaque, LLC-MK2; Green
Monkey, CV-1; and Rat, NRK) and measured the resulting
transcriptome alterations using high-throughput sequencing
(Materials and Methods). These four cell lines were chosen
because they provide experimentally tractable systems to
study the evolution and conservation of gene regulation me-
diated by miRNAs. Moreover, these cell lines were derived
from the same tissue, which minimized the tissue-specific ef-
fects in comparing miRNA mediated regulation across spe-
cies. The let-7 family, whose paralogous members share the
same seed, is one of the first miRNA families discovered in
animals (Pasquinelli et al. 2000; Reinhart et al. 2000;
Lagos-Quintana et al. 2001; Lau et al. 2001; Roush and
Slack 2008; Hertel et al. 2012). let-7a, which is the ancestral
copy in this family, differs from its paralogs in vertebrates by
1-4 nucleotides (nt) outside the seed regions (Fig. 5A).
Previous studies suggest a substitution at position 12 of let-

7f directed it to repress novel targets

(Wolter et al. 2017). Notably, the mature

sequences of let-7a and let-7b differ by 2

FIGURE 4. (Continued) The age of each branch is calculated based on the middle point of the
branch length and the offspring branches, if applicable. The rate is defined as the number of target
sites gained per evolutionary unit (mutations per nucleotide per generation). (D) The boxplot of
canonical target sites of the homo-seed DmiRs and SCUmiRs (N.S., not significant). (E) The seed
of a homo-seed DmiR family pairs a significantly higher number of conserved target sites (Pct >

0.5) than that of a SCUmiR; (***) P <0.001. (F) The seed of a homo-seed DmiR family pairs a
significantly higher number of optimized target sites (context++ score < —0.3) than that of a
SCUmiR; (***) P < 0.001. (G) The average numbers of target sites that originated in the ancient
branches (b1, b2, b3, and b4) and conserved in extant humans and at least seven other Catarrhini
species (hominoids and old world monkeys, see Fig. 4B). For each branch, a WMW test was used
to test whether there is a significant difference in the numbers of target sites for a homo-seed
DmiR family and a SCUmiR (*) P <0.05; (***) P<0.001. The number of target sites in b0 is
the target sites (per seed) that are ancient and conserved in all 16 species. The bars represent
the standard errors. (H) The number of the net-gained target sites in each branch (b1-b9) leading
to extant human and that are located in the optimized genomic contexts for miRNA targeting
(context++ score < —0.3). For each branch, a WMW test was used to test whether there is a sig-
nificant difference in the numbers of target sites for a homo-seed DmiR family and a SCUmiR;
(**) P<0.01, (***) P < 0.001. The number of target sites in b0 is the target sites (per seed) that are
ancient and conserved in all 16 species. The bars represent the standard errors. (I) Correlation
between the age of a branch (x-axis) and the loss rate of putative target sites lost in that branch.

794 RNA, Vol. 24, No. 6

nt (positions 17 and 19), and both
miRNAs are highly conserved in the ver-
tebrates (Supplemental Fig. S8). Our
bioinformatics analysis suggests the A >
G substitutions in let-7b lead to higher
binding affinities of the target sites (Fig.
5B). Furthermore, the relative expression
of the two miRNAs differed dramatically
across species: The ratio of let-7a/let-7b
abundance was 17.7, 2.47, and 0.55 in
the 293FT, CV-1, and NRK cell lines
(Supplemental Fig. S9A), and similar
patterns were observed in the kidney
tissues across species (Supplemental
Fig. S9B). Thus, the divergence in se-
quences and expression patterns might
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FIGURE 5. The repressive effect mediated by let-7a and let-7b in transfection experiments. (A) Sequence alignment of human let-7 family miRNAs.
The seed region (positions 2—8) is shown in red. let-7 of D. melanogaster was used as an outgroup. (B) The two A > G substitutions in let-7b enable let-
7b to exert stronger binding affinities (lower energy, kcal/mol) to the target sites than ler-7a. (C) Cumulative distribution of log, fold changes in
mRNA levels (x-axis) after transfecting let-7a or let-7b into human, macaque, green monkey, or rat cell lines. The target genes (with canonical sites
in the 3’ UTRs) of let-7a and let-7b were predicted by TargetScan with a Pcr> 0.8 (red), miRanda with a mirSVR score < —0.8 (blue), or DIANA with a
threshold score > 0.5 (green). The mRNAs without any site complementary to the seed sequence of let-7a/b (controls, gray) were used as controls. The
log, fold change of the predicted target sites is significantly lower compared to the control mRNAs in each comparison (P < 0.0001 in each compar-
ison, Kolmogorov—Smirnov test). (D) let-7b (purple) exerted stronger repressive effects on the canonical target genes than let-7a (blue) in the cellular
transfection experiments ([*] P < 0.05; [***] P < 0.001; paired t-tests). The target genes from different sources in C were pooled. (E) The ratio of me-
dian log, fold change for target genes (y-axis) that have canonical sites paired at the indicated position of let-7a (upper panel) or let-7b (lower panel)
relative to the target genes not paired at that position. Pairing at position 17 of let-7b is associated with significantly stronger repressive efficiencies
compared to the other conserved canonical sites, but such a pattern does not exist for let-7a; ([***] P < 0.001, Fisher’s exact test).
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TABLE 1. Expression profiles of mRNA transcripts in /et-7a and let-7b transfection experiments

Transcriptome Canonical targets

Genes Hours post- miRNA Up- Down- Up- Down-
Species Cell lines expressed transfection transfected regulated regulated regulated regulated
Human 293FT 14,805 12 let-7a 2413 2464 107 208
let-7b 2399 2461 98 208
Human 293FT 14,805 32 let-7a 2502 2474 101 242
let-7b 2716 2572 87 277
Macaque LLC-MK2 11,950 (10,247) 32 let-7a 401 (123) 586 (169) 5(1) 139 (50)
let-7b 514 (199) 645 (168) 10 (2) 159 (61)
Green monkey CV-1 11,578 (10,239) 32 let-7a 410 (95) 412 (95) 8(2) 145 (47)
let-7b 890 (331) 960 (263) 13 (1) 194 (84)
Rat NRK 10,794 (9397) 32 let-7a 512 (123) 680 (133) 3) 67 (23)
let-7b 507 (152) 614 (155) ( 77 (31)

The number of genes orthologous to human genes detected at 32 h post-transfection is presented in parentheses. The up- and down-regulated
genes that were defined by comparing the transcriptomes of cells transfected with miRNA mimics those of the mock-transfected cells. The ca-
nonical target genes (seed pairing at 3" UTRs) were determined by combining the results obtained using three prediction algorithms:
TargetScan v7.0 (Pct > 0.8), miRanda (mirSVR < —0.8), and DIANA-microT (threshold score > 0.5).

cause divergence in target recognition between let-7a and
let-7b.

We performed two biological replicates in the transfection
and sequencing experiments (see Table 1 and Supplemental
Table S6 for statistics of all the sequencing libraries) and ob-
tained high correlations between the biological replicates in
each experiment (Supplemental Fig. S10). We identified
hundreds of genes that were up- or down-regulated in the
let-7a and let-7b transfection experiments in human 293FT
cells (Supplemental Fig. S11) and the cell lines from the other
species (Supplemental Fig. S12). In our transfection experi-
ments, the canonical target genes of let-7a/b that were pre-
dicted with TargetScan v7.0 (Agarwal et al. 2015), DIANA
(Reczko et al. 2012; Paraskevopoulou et al. 2013), or
miRanda (Betel et al. 2010) were significantly down-regulat-
ed compared to the transcripts without any predicted site of
let-7a/b (P < 0.0001 in each comparison, KS test, Fig. 5C).
We performed qRT-PCR to verify the down-regulation of
a subset of target genes in human 293FT cells (EIF4G2,
TIMMI17B, MAPK6, USP38, IGDCC4, and SLC25A4;
Supplemental Fig. S13A) or in macaque and green monkey
cells (DCR1, TMEMS8A, TARBP2, TTLL4, and PBX2; Supple-
mental Fig. S13B). Furthermore, we also conducted luciferase
reporter assays to verify all the six human target genes in
293FT cells (Supplemental Fig. S13C).

Remarkably, let-7b exerted stronger repressive effects on
the canonical target genes than let-7a in the transfection ex-
periments for all four cell lines (Fig. 5D). For example, in hu-
man 293FT cells at 32 h post-transfection, the median log,
fold-change (LFC) for the conserved target genes was
—0.157 in cells transfected with let-7a versus —0.220 in cells
transfected with let-7b (P =0.018; paired Student’s #-test).
Furthermore, among all the conserved target sites (perfect
seed pairing), the sites paired at position 17 of let-7b were as-
sociated with significantly stronger mRNA destabilization
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than the sites not paired at that position, whereas such a pat-
tern was not observed for let-7a (Fig. 5E; Supplemental Fig.
S14). Altogether, these results suggest that pairing between
the target sites and let-7b at position 17 might be associated
with higher binding affinities and thus stronger repressive ef-
fects, and the A > G change at that position might change the
targeting specificity of let-7b and let-7a.

The newly emerged target sites of let-7 affect
mammalian gene expression evolution

Our results suggest the target sites of miRNAs are continu-
ously gained during vertebrate evolution, but the extent to
which such target sites affect gene expression evolution re-
mains elusive. To explore the relationship between evolution-
ary patterns and repressive effects of the target sites, we
predicted the target sites of let-7a/b based on perfect seed
pairing (8mer and 7mer-m8 in TargetScan) and stratified
them into different ages on the phylogenetic tree (Fig. 6A;
see Supplemental Fig. S15 for the results that considered
the 7mer-Al sites). It should be noted that here we consid-
ered all the target sites in the 3’ UTRs that are perfectly paired
to the seed of let-7 since we could not accurately separate the
sites specifically targeted by let-7a from those by let-7b. As ex-
pected (Bartel 2009), we observed stronger repression on
genes containing target sites gained in the older branches
(originating in b1, b2, or older branches) than genes harbor-
ing younger target sites (b3-b9) in both let-7a (Supplemental
Fig. S16) and let-7b (Fig. 6B) transfection experiments.
Specifically, genes containing target sites highly conserved
in vertebrates (defined with TargetScan Pcr>0.8) or con-
served target sites that originated prior to the radiation of
mammals (b1 branch, red) were the most severely repressed;
genes containing target sites that were conserved only in pri-
mates (b2, blue) had the second highest level of repression;
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FIGURE 6. Birth and death of let-7 target sites during mammalian evolution and the contributions to the evolution of transcriptomes. (A) The gains
and losses of canonical let-7a/b target sites in the branches leading to extant primates. The numbers of gain and loss events are in blue and red, re-
spectively. The number of target sites in b0 is the target sites that are ancient and conserved in all 16 species. (B) Changes in the mRNA abundance of
genes with ancient or newly emerged target sites after transfecting ler-7b into human, macaque, and green monkey cells. The target sites of let-7b
predicted with Pcr> 0.8 are also shown (these sites are not exclusive to sites in branches b1-b9 of Fig. 6A). The genes with target sites originating
in a branch and maintained thereafter were used in the analysis. If a gene had multiple target sites of different ages, the gene was assigned to the
most ancient class. N.S., nontarget sites. (C) Venn diagram showing only a small fraction of the evolutionarily conserved canonical target sites
(TargetScan v7.0, Pcr > 0.8) consistently mediated repression across the four species in the let-7a and let-7b experiments. The number of the signifi-
cantly down-regulated genes after transfection is shown for each species. (D) Genes whose 3" UTRs have higher numbers of canonical let-7a (upper)
and let-7b (lower) target sites are more strongly repressed in the transfection experiments. Both the conserved and nonconserved target sites were
considered. The raw Pearson’s correlation coefficient r is shown for each experiment.
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and genes harboring species-specific target sites (b9, purple;
b10, brown; or b11, cyan) were generally weakly suppressed
(Fig. 6B). Although the evolutionarily young target sites
were associated with weak repressive effects (e.g., the sites
originating in b3, b4, or b5, Fig. 6B; Supplemental Fig.
S16), some might also contribute to the divergence of tran-
scriptomes across species. For example, among the 77 hu-
man-specific let-7 target genes expressed in 293FT cells, 12
and 12 were significantly down-regulated in the let-7a and
let-7b experiments, respectively (five of them were signifi-
cantly down-regulated in both experiments). Overall, our re-
sults suggest that the newly emerged target sites of let-7
gradually develop function as they mature, and such target
sites might have made nonnegligible contributions to the
evolution of target gene expression.

Next, we asked whether the newly emerged target sites
might cooperate with the ancient and conserved sites that
were located in the same genes in regulating gene expression.
We identified 368 genes that were expressed in all the four cell
lines we examined and had at least one evolutionarily con-
served target site of let-7a/b in the 3 UTRs (Pcr > 0.8). In
both the let-7a or let-7b experiments, the observed numbers
of target genes that were down-regulated in multiple species
were significantly higher than the number obtained with the
assumption of randomness (P <0.05, Supplemental Fig.
S17). However, most of these conserved target genes were
down-regulated in a species-specific manner, and only a small
fraction of them was down-regulated in all four species (Fig.
6C). For example, only 22%-37% of these target genes were
significantly down-regulated with LFC <—0.2 in the let-7b ex-
periments (141, 127, 139, and 84 targets were down-regulated
in 293FT, LLC-MK2, CV-1, and NRK cells, respectively, Fig.
6C), and very few of them were overlapped. We observed
similar patterns when we examined the extent of mRNA
down-regulation for the conserved orthologous target genes.
For example, in the let-7b experiments, Pearson’s r was 0.17,
0.28, and 0.18 for human versus macaque, green monkey,
and rat, respectively (Supplemental Fig. S18). Similar results
were obtained in the let-7a experiments (Fig. 6C and Supple-
mental Fig. S18). Notably, besides these highly conserved tar-
get sites, these target genes also had numerous births and
deaths of let-7 target sites in other locations of the 3" UTRs
(Supplemental Fig. S19). Importantly, we found that multiple
target sites of let-7 (either conserved or nonconserved) are as-
sociated with stronger repressive effects in all the let-7a and
let-7b transfection experiments (Fig. 6D). Overall, our in vitro
cellular transfection experiments suggest that the newly
emerged target sites of let-7 affect mammalian gene expression
evolution, although further in vivo studies are needed to phys-
iologically verify this pattern in the physiological conditions.

DISCUSSION

Duplication is an important mechanism to expand the reper-
toire of metazoan miRNAs. This present study has unveiled
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widespread divergence in expression patterns and targeting
preferences between paralogous miRNAs. Our results suggest
the broadly conserved homo-seed DmiR families pair with
significantly higher numbers of conserved (putatively func-
tional) target sites than those of the SCUmiRs, which supports
the notion that a newly emerged target site would have a high-
er probability to become functionally preserved during evolu-
tion if it is targeted by the homo-seed DmiRs than by the
SCUmiRs (Fig. 4A). Our results also suggest that the diver-
gence or convergence of miRNA seeds have different effects
on the evolution of the target sites. Specifically, for the het-
ero-seed DmiR families, where the paralogous miRNAs
have different seeds from each other, we did not find that
the seeds pair with significantly more target sites than the
SCUmiRs. Nevertheless, the broadly conserved single-copy
miRNAs that experienced convergent evolution (Conver-
gence) also had significantly higher numbers of conserved
target sites than the SCUmiRs (P < 0.01, WMW test; Supple-
mental Fig. $20). Furthermore, after grouping miRNAs based
on the seed sequences, we found the seeds shared by multiple
broadly conserved miRNAs overall pair with significantly
higher numbers (and higher fractions) of target sites than
those of the single miRNAs (P < 107°, WMW test, Supple-
mental Fig. S21). Altogether, these results suggest that the
modes of functional diversification and convergence of miR-
NAs have had the different impact on the evolution patterns
of the target sites. Although purifying selection is important
in maintaining the functional target sites, further studies
are needed to dissect the roles of positive selection and genetic
drift in shaping the landscapes of miRNA target sites.

By transfecting let-7a and let-7b into four mammalian cell
lines, we presented evidence that the A > G changes (posi-
tions 17 and 19) enable let-7b to exert stronger repressive ef-
fects on canonical target genes than let-7a. We may have
underestimated the divergence in target repression between
the paralogous miRNAs because we did not consider nonca-
nonical target pairing (i.e., pairing to the centers or 3’ ends of
miRNAs), which might not be uncommon (Broderick et al.
2011; Moore et al. 2015). Indeed, the AGO HIST-CLIP
data set revealed substantial differences in target recognition
between paralogous miRNAs in the same family, particularly
for the noncanonical target sites, through 3’ pairing
(Supplemental Fig. S22). To test whether let-7a and let-7b re-
press noncanonical target sites in our transfection experi-
ments, we predicted all the possible pairing duplexes
between let-7a or let-7b and 3’ UTRs of the down-regulated
genes without requiring perfect seed matching. We calculated
the fraction of potential target sites that were paired at each
position of let-7a or let-7b, and found that significantly high-
er fractions of the putative target sites were bound to the 3’
end of let-7b compared to let-7a (Supplemental Fig. S23A).
Similarly, the putative target sites pairing to the 3’ end (posi-
tion 17-21) of let-7a or let-7b were also associated with target
repression (Supplemental Fig. S23B), suggesting that the dif-
ference in target repression between let-7a and let-7b might
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be mediated by these noncanonical target sites as well.
Indeed, the genes with putative target sites paired with let-
7b at either the 5 end, center, or 3’ end were significantly
overrepresented in the genes down-regulated by let-7b trans-
fection in 293FT, LLC-MK2, and CV-1 cells (Supplemental
Fig. S23C). In contrast, the predicted target sites that paired
with the 3’ end of let-7a were not associated with mRNA
destabilization in either humans or macaques (Supplemental
Fig. $23C). Altogether, our results suggest that let-7a and let-
7b might also be divergent in regulating the noncanonical tar-
get genes.

In summary, this present study advances our understand-
ing of the functional divergence between paralogous miRNAs
pertaining to expression patterns and target repression.
Importantly, we found that the functional diversification of
duplicated miRNA genes significantly expands the miRNA
target sets and impacts the evolution of vertebrate 3’ UTRs.
Future studies will be necessary to dissect the mechanisms
and evolutionary forces underlying the coevolutionary pro-
cess between miRNAs and 3’ UTRs.

MATERIALS AND METHODS

miRNA sequences and expression data

We downloaded the sequences, annotation and expression data of
miRNAs from miRBaseV21 (http://www.mirbase.org). The duplica-
tion information, which is based on the homology of miRNA pre-
cursor sequences, was also obtained from miRBase V21. Also, by
all-to-all miRNA sequence homology searches with FASTA36
(Pearson 2016), we found another four human miRNA precursors
(hsa-mir-5480, hsa-mir-3118-4, hsa-mir-5701-3, and hsa-mir-
5692b) are also duplicated (E-value < 0.0001). The orthologous se-
quences of miRNAs in the UCSC 100-way vertebrate genome align-
ments (genome.ucsc.edu) were retrieved from the Galaxy workflows
at https://usegalaxy.org (Goecks et al. 2010). We followed previous
procedures (Friedman et al. 2009; Agarwal et al. 2015) and defined
a mature miRNA of humans to be “broadly conserved” if the seed
(positions 2—8) sequences were identical in at least 60 vertebrate spe-
cies, and a mature miRNA to be “mammalian conserved” if its seed
sequences were identical in between 40 and 60 vertebrate species.
Occasionally, some broadly conserved miRNAs might be classified
as mammalian conserved due to poor genomic alignments. We
manually changed such “mammalian conserved” miRNAs to
“broadly conserved” ones if the miRNAs were homologous between
humans and chicken, frog, or zebrafish (we required the homolo-
gous miRNAs to have the same seeds, and the sequences to be iden-
tical for at least 18 nt in the mature miRNAs), as previously
described (Agarwal et al. 2015). If a miRNA precursor had both
the guide and the passenger (*) strands (or the 5p and 3p) annotated
in miRBase V21, we defined the guide strand (mature miRNA)
based on the higher expression level or higher conservation level.
For the duplicated miRNAs, we preferentially chose the mature
miRNAs that had seed sequences conserved between paralogs as
the guide strands. We also filtered the miRNAs that had no expres-
sion evidence supported in miRBase V21. In total, we identified 352
miRNA precursors whose mature miRNAs were evolutionarily con-

served and could be unambiguously classified into duplicated or sin-
gle-copy miRNAs (Supplemental Table S1).

We obtained 484 miRNA expression libraries from different hu-
man tissues and cell lines from the NCBI SRA database (www.ncbi
.hlm.nih.gov/sra, last accessed May 16, 2016). The reads were
mapped to the miRNA sequences (miRBase V21) using Bowtie
v1.0.1 (Langmead et al. 2009). After removing technical replicates
and redundant data sets as previously described (Wang et al.
2016), we obtained expression levels of 574 mature miRNAs (includ-
ing conserved and nonconserved) that had mean RPM (reads per
million) > 5 (Supplemental Table S2) in 181 nonredundant libraries
(Supplemental Table S3). The expression levels of mature miRNAs
across libraries were normalized using DESeq2 (1.16.1) (Love et al.
2014). The miRNA coexpression modules were detected with
WGCNA (V1.61) (Langfelder and Horvath 2008; Zhao et al. 2010).

We retrieved miRNA expression profiles from five tissues (brain,
cerebellum, heart, kidney, and testis) of five vertebrate species (hu-
man, macaque, mouse, opossum, and chicken) that were quantified
previously (Meunier et al. 2013). For each tissue, we normalized the
expression levels of the orthologous miRNAs between human and
another species using DESeq2 (1.16.1).

Permutation analysis of miRNA expression
in WGCNA modules

Human miRNAs within 10 kb of each other were clustered together
as previously described (Marco et al. 2013; Wang et al. 2016). We
shuffled the assignment of miRNAs to the WGCNA expression
modules and counted the number of miRNA families that had paral-
ogous copies assigned to at least two different modules. miRNAs
that were located in a genomic cluster and coexpressed in the
same WGCNA module were treated as a single unit during shuffling.
In case a miRNA was located in more than one cluster, it was as-
signed to the largest cluster to which it belongs. This procedure
was repeated for 10,000 replicates. The confidence intervals were
calculated as the 2.5% and 97.5% quantiles in the permutation anal-
ysis. The P-value was calculated by comparing the observed versus
the simulated values in the permutation analysis. We also only con-
sidered the mature miRNAs that were uniquely mapped to the hu-
man genome and performed the same analytical procedures.

Evolutionary analysis of miRNA target sites

We retrieved the sequence alignments of the 3’ UTRs in 16 vertebrate
species (12 primates, mouse, rat, chicken, and American alligator)
from the website of TargetScan 7.0 (www.targetscan.org) (Agarwal
et al. 2015). We used tree_doctor (Hubisz et al. 2011) to extract
the phylogenetic information of the 16 species from the 100-way ver-
tebrate phylogenetic tree (genome.ucsc.edu). We predicted all the
conserved and nonconserved target sites perfectly matching the
seed (position 2-8) of a miRNA (7mer-m8 and 8mer types) with
the Perl script of TargetScan 7.0, and traced the gain and loss of
each target site using the Gain Loss Mapping Engine (GLOOME)
(Cohen and Pupko 2011). We also retrieved the evolutionarily con-
served target sites (Pcr > 0.5) or the sites in the optimized genomic
context of miRNA targeting (context++ score < —0.3) from the web-
site of TargetScan v7.0. The targets of let-7a and let-7b predicted by
miRanda (mirSVR < —0.8) (Betel et al. 2010) and DIANA-microT
(threshold score > 0.5) (Reczko et al. 2012; Paraskevopoulou et al.
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2013) were also used in this study. Duplex structure and noncanon-
ical target predictions for miRNAs and targets were made with
RNAhybrid v2.1.2 (Rehmsmeier et al. 2004) without requiring
seed matching. For duplex heat maps, base-paired (Watson—Crick
or G:U) miRNA sites were assigned a score of 1, and unpaired sites
were assigned a score of 0. k-means clustering of the resulting matrix
was performed with Cluster 3.0 and visualized with Java TreeView
(Eisen et al. 1998; Saldanha 2004).

Cell transfection, library construction, NGS analyses,
and target validation

The kidney-derived 293FT (human, Homo sapiens), CV-1 (green
monkey, Chlorocebus sabaeus), LLC-MK2 (macaque, Macaca
mulatta), and NRK (rat, Rattus norvegicus) cell lines were purchased
from the Cell Bank of the Chinese Academy of Sciences. For transfec-
tion, the cells were incubated with synthesized double-stranded
hsa-let-7a (sense: 5'-UGAGGUAGUAGGUUGUAUAG-UU-3/, an-
tisense: 5-CUAUACAACCUACUACCUCAUU-3') or hsa-let-7b
(sense: 5'-UGAGGUAGU-AGGUUGUGUGGUU-3/, antisense: 5’-
CCACACAACCUACUACCUCAUU-3') mimics or a negative con-
trol (NC, 5'-UUCUCCGAACGUGUCACGUUU-3' and 5-ACGU
GACACGUUCGGAGAAUU-3") small RNA duplex at the same final
concentration of 50 nM for 12 or 32 h. The Lipofectamine 2000
transfection reagent (Thermo Fisher) was used according to the
manufacturer’s instructions. Mock-treated cells were treated with
Lipofectamine 2000 in the same manner, except that no miRNA
mimic or NC RNA was used. The small RNA and poly(A) tailed
mRNA libraries were constructed according to previously described
protocols (Wangetal. 2016). The deep sequencing was conducted on
the Illumina HiSeq-2500 platform. The annotations and sequences
of the reference genomes of human (GRCh38), macaque
(MMULL.0), green monkey (ChlSabl.1), and rat (Rnor6.0) were
downloaded from Ensembl Genome Browser (genome.ensembl.
org). The NGS reads were mapped on the reference genomes using
STAR (2.4.2a) (Dobin et al. 2013). The gene expression levels were
determined using HTSeq-count (0.9.0) (Anders et al. 2015), and dif-
ferential gene expression was detected with DESeq2 (1.16.1).

Quantitative real-time PCR and luciferase reporter assay

qRT-PCR was performed with SYBR Green Master Mix (Thermo
Fisher) in a 20-pL reaction volume and monitored on a
StepOnePlus Real-Time PCR System (Thermo Fisher). Fragments
containing the examined target sites or mutant target sites in the
3’ UTRs of EIF4G2, TIMM17B, SLC25A4, MAPK6, USP38, and
IGDCC4 were cloned behind the Renilla luciferase gene in the
psiCHECK?2 vector (Promega). This vector also carries the firefly lu-
ciferase gene, which can be used for normalization to rule out var-
iations in transfection efficiency. A total of 293FT cells in 24-well
plates were cotransfected with 0.5 ug of each construct with or with-
out 20 nM hsa-let-7a or has-let-7b mimic or negative control small
RNA duplex using Lipofectamine 2000. The cells were harvested 48
h after transfection for dual luciferase measurements using the
Dual-Glo Luciferase Assay System (Promega), according to the
manufacturer’s instructions. All transfection experiments were re-
peated at least three times. The primer sequences for qRT-PCR
and luciferase reporter assays are shown in Supplemental Tables
S7 and S8, respectively.
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DATA DEPOSITION

The sequence data obtained in this study have been submitted to the
NCBI Sequence Read Archive (SRA) under SRA accession number
SRP073287.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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