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The lack of long-term evolutionary conservation of microRNA (miRNA) target sites appears to contradict many analyses
of their functions. Several hypotheses have been offered, but an attractive one—that the conservation may be a function
of taxonomic hierarchy (vertebrates, mammals, primates, etc.)—has rarely been discussed. For such an analysis, we cannot
use evolutionary conservation as a criterion of target identification, and hence, have used high confidence target sites
in the cross-linking immunoprecipitation (CLIP) data. Assuming that a proportion, p, of target sites in the CLIP data are
conserved, we define the evolvability of miRNA targets as 1-p. Genomic data from vertebrate species show that the
evolvability between human and fish is very high, at more than 90%. The evolvability decreases to 50% between birds
and mammals, 20% among mammalian orders, and only 6% between human and chimpanzee. Within each taxonomic
hierarchy, there is a set of targets that are conserved only at that level of evolution. Extrapolating the evolutionary
trend, we find the evolvability in any single species to be close to 0%. Thus, all miRNA target sites identified by the
CLIP method are evolutionarily conserved in one species, but the conservation is lost step by step in larger taxonomic
groups. The changing evolvability of miRNA targets suggests that miRNA-target interactions may play a role in the
evolution of organismal diversity.

[Supplemental material is available for this article.]

MicroRNAs (miRNAs) are a group of endogenous small RNAs (;22

nt) that play an important role in the gene regulatory system (He

and Hannon 2004; Stark et al. 2005; Bushati and Cohen 2007;

Flynt and Lai 2008; Wu et al. 2009; Aqeilan et al. 2010). A typical

miRNA binds to the complementary sequences on target mRNAs,

resulting in translational repression or target degradation (Bartel

2009). The evolution of miRNAs has been well studied (Hertel et al.

2006; Christodoulou et al. 2010). miRNAs are present early in the

evolution of animals and are generally highly conserved among

species (Hertel et al. 2006; Lu et al. 2008; Bartel 2009; Berezikov

2011). Expansion of miRNA families occurs at the base of the

bilaterian and the vertebrate lineage and can be observed in the

lineage leading to placental mammals, suggesting that miRNAs

may be associated with the evolution of organismal diversity

(Berezikov 2011).

The evolution of miRNA targets, however, is not well un-

derstood. Some studies suggest that a large number of 39 UTRs

of protein-coding genes might be under selection to maintain

complementarity to the corresponding miRNAs (Farh et al. 2005;

Friedman et al. 2009), whereas others suggest targets to be evolving

rapidly (Tang et al. 2010). It must be noted that the majority of

the target sites were computationally predicted, with evolution-

ary conservation being an important criterion (Lewis et al. 2003;

Grun et al. 2005; Rajewsky 2006; Sood et al. 2006). This practice

may have biased the analysis of target evolution.

To attain an unbiased assessment of target evolution, evo-

lutionary criteria have to be excluded in target identification.

Hence, in this study, we used sites identified by physical means,

i.e., cross-linking immunoprecipitation (CLIP) to study the evo-

lutionary mode of miRNA binding sites.

Results

Identification of high confidence miRNA binding sites

Recently, high-throughput sequencing of binding sites isolated by

cross-linking immunopreciptation has been carried out (Chi et al.

2009; Hafner et al. 2010; Zisoulis et al. 2010; Leung et al. 2011). We

first evaluate the reliability of CLIP-identified binding sites before

using them for evolutionary analyses. CLIP data are generated

previously from human HEK293 cells (Hafner et al. 2010). We

consider any sequence in the CLIP cluster containing a 7–8 bp

match to the miRNA ‘‘seed’’ region a putative target site. The seed

region of the mature miRNA is crucial for miRNA target recogni-

tion in animals, as canonical miRNA targets show perfect base-

pairing to the miRNA seed (Lewis et al. 2003; Stark et al. 2005;

Grimson et al. 2007; Bartel 2009).

Nevertheless, even in CLIP data, there could be nontarget sites

mixed in with target sites. Based on the read depth in CLIP cluster

and mRNA expression, we develop a ‘‘relative enrichment score’’

for each miRNA in the data (Methods). A high score means the

binding sites of the said miRNA are collectively high-confidence

target sites. With only 48% of miRNAs having a relative enrich-

ment score of >1, the measure is quite stringent. Not unexpectedly,
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the relative enrichment scores are positively correlated with miRNA

abundance (r = 0.6833, p = 6.496 3 10�9 by Spearman rank corre-

lation). Highly expressed miRNAs usually have high scores (Fig. 1).

We choose the target sequences of the 10 miRNAs that have

the highest relative enrichment scores, ranging from 7 to 87

(Table 1), for analysis. These 10 miRNAs are highly conserved among

the species we compared (Methods). Since the top 10 miRNAs ac-

count for ;70% of captured target sequences, we base our analyses

on them. However, we will show later that less highly expressed

miRNAs with a score between 1 and 7 also have sufficient repre-

sentations of true targets in the data. We focus on targets sites in 39

UTRs and exclude target sites in coding regions, which are sub-

jected to other constraints unrelated to miRNA targeting.

Validation of CLIP-identified binding sites by expression assay

To further validate the CLIP-identified sites as true targets, we

analyze the expression data from miRNA knockdown or over-

expression experiments (Selbach et al. 2008; Hafner et al. 2010;).

Since the binding sites consist of evolutionarily conserved and

nonconserved sites, the expression data on the latter provide an

important functional test. If nonconserved CLIP sites are repressed

by miRNAs, then the CLIP method is reliable. In addition, non-

conserved sites should be true targets as well.

Conserved and nonconserved binding sites are analyzed, re-

spectively. We choose miRNAs with more than 80 39 UTR binding

sites and target genes with one single binding site for analysis

(Table 1; Methods). We use human mouse comparison to define

site conservation. In all cases, both conserved and nonconserved

targets are significantly de-repressed upon miRNA knockdown

compared to the control (Fig. 2A–G). In a miR-16 overexpression

experiment, both conserved and nonconserved targets are signif-

icantly repressed, as expected (Fig. 2H). On average, the non-

conserved sites have smaller effects on gene expression than the

conserved sites (73% 6 19% in repression efficacy).

Collectively, we find that target sites identified by the CLIP

procedure behave as a collection of true targets. At the level of in-

dividual targets, 20%–30% of the conserved targets in the miRNA

knockdown experiment do not increase the expression. Likewise,

;10% do not decrease the expression when the regulating miRNA is

overexpressed. It should not be expected that all true targets would

appear as if they were solely affected by their regulating miRNAs. In

addition to the measurement errors, the feedback loops and other

systems motifs would often interfere with the miRNA-target in-

teractions. Previous studies(Karres et al. 2007; Wu et al. 2009; Tang

et al. 2010) have shown that true targets, as determined by transient

perturbation experiments, often do not show the expected up- or

down-regulation when miRNAs have been deleted or inserted, pre-

sumably due to the feedbacks or other complex downstream effects.

Evolutionary constraints on miRNA binding sites in mammals

Given the high-confidence target sites identified above, we analyze

their evolution among 10 different mammalian orders for which

high-quality genome assemblies are available. The 6-mer core sites

at positions 2–7 are used. Among the ;1200 target sites identified in

humans, the level of conservation ranges from 0 (target sites not

found outside of humans) to 10 species and appears to have a bi-

modal distribution (Fig. 3A). Because mammalian orders diverged

from one another in a brief period of time, often referred to as the

mammalian radiation (Springer et al. 2003; Bininda-Emonds et al.

2007), their evolution should be nearly independent and the dis-

tribution should be approximately binomial. The observed bimodal

distribution thus suggests the existence of two classes of target sites,

one being evolutionarily constrained and the other unconstrained.

We assume that sites of the unconstrained class decay at a rate u,

which follows the evolutionary dynamics of nontarget background

sequences in the 39 UTR. The degree of 39 UTR conservation in the 10

species of mammals is shown in Figure 3B. It is further assumed that

targets in the constrained class decay at a rate v that follows a gamma

distribution. The objective is then to estimate the proportion of

constrained sites, p, as well as the parameters a and b of the gamma

distribution. The empirical maximum likelihood estimation (MLE)

values for fitting the distribution to the observed data (Fig. 3A) are p =

0.794, a = 0.48, and b = 160.52. Hence, in mammals, 20.6% (1-p) of

the sites decay at the same rate as the background 6-mers, while

79.4% of the sites decay much more slowly at a rate of v. The dis-

tributions of u and v are given in Supplemental Figure 1.

We repeat the analysis on three subsets of the target sites.

First, to avoid the mutational rate heterogeneity due to CpG sites,

we repeat the analysis by excluding CpG dinucleotides. Second, an

analysis with a stringent definition of orthology that requires genic

synteny is performed. Third, to exclude possible synergistic in-

teractions among multiple sites on the same gene, we also analyze

the group of single-site genes (one binding site per gene). For all

three subsets, the evolutionary patterns in mammals (Supple-

mental Fig. 2A) and in other vertebrates (Supplemental Fig. 2B) are

the same as the full set. Furthermore, we extend the 6-mer core

sites to the three seed-types, including 1A, m8, and 8-mer sites. The

Figure 1. The relationship between the degree of target site enrichment
in the CLIP data and the expression level of the corresponding miRNAs.
The latter is presented as the log2 of the sum of all reads of relevant miRNAs.
The top 10 enrichment scores are marked with a black solid dot.

Table 1. Total number of binding sites observed in the CLIP data
and the number of such sites in 39 UTRs (shown in parentheses)
chosen for analyses

miRNA family
Total number of binding

sites (sites in 39 UTRs)
Relative

enrichment

miR-92a/25/32 221 (125) 86.8
miR-93/106b/17/20a 387 (219) 25.5
miR-19b/19a 289 (165) 18.9
miR-301a/130a/130b/301b 249 (133) 16.7
miR-16/15a/15b/424 551 (239) 18.59
miR-221/222 127 (68) 13.73
let-7a/7f/7b/7g/7i/7e/7d/7c 187 (56) 10.36
miR-101 165 (115) 7.83
miR-18a 99 (35) 7.52
miR-103/107 241 (88) 7.51

The relative enrichment is the observed over the relative expected num-
ber (Methods). A full list of the enrichment scores is shown in Supple-
mental Table 1.
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evolutionary patterns are essentially the same as those of the 6-mer

core sites (Supplemental Fig. 2C,D).

Evolutionary constraints on miRNA binding sites
in vertebrates

The proportion of evolutionarily changeable targets (1-p), which

defines the evolvability of miRNA targets, is about 0.2 in mammals.

We now estimate the evolvability in hierarchies above and below

mammalian orders within vertebrates. The levels are at 6, 30, 90,

164, 300, and 400 million years (Myrs) for the divergence between

humans and, respectively, chimpanzees, old world monkeys, other

eutherian orders of mammals, marsupials, birds, and fishes. The

simplest hypothesis for target site evolution is constant evolv-

ability, i.e., p stays constant. Furthermore, the conservation of

target sites is a function of divergence time. The expected decrease

in the percentage of site conservation is given in Figure 3C, where p

is constant at 0.79 as estimated above. The observed decay in-

creases much more rapidly than the expectation based solely on

the divergence time. A possible explanation is that p changes as

a function of divergence time.

We therefore estimate p at all levels of vertebrate evolution by

using the data in Figure 3C. Unlike the analysis at the depth of 90

Myrs, where we compared 10 mammalian species, there is only

one species at each level of comparison with humans. In these

cases, the number of conserved species is either 0 or 1. To avoid

overfitting the data, we used two different methods for estimating

p (see Methods). Briefly, we used the mean value as well as a fitted

distribution for u, the latter having been implemented for mam-

mals already. By either method, the estimated p decreases as the

test species become more divergent from human. It decreases from

;80% among mammals to slightly less than 50% between human

and bird, to less than 10% between human and fish (Table 2). In

the estimation by the variable-u method, which has a better fit

Figure 2. The impact of transfected miRNA inhibitors or miRNAs on conserved or nonconserved target sites. Cumulative distributions of log2 fold
change in mRNA expression are shown for (A–G) miRNA knockdown experiments and (H ) miR-16 overexpression experiments. CLIP conserved group has
sites that are conserved in mouse. CLIP nonconserved group has sites that are not conserved in mouse.

Figure 3. CLIP target site evolution. (A) The conservation of target sites in 10 species of mammals which are compared with human. (B) The conser-
vation of randomly selected 6-mer sites in 39 UTRs. The x-axis indicates the number of nonhuman species in which the sites are conserved. (C ) The
observed and expected proportions of sites that are conserved between human and other vertebrates. The divergence times between human and one of
the other selected species are shown in parentheses.

Xu et al.
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to the data, the value of p within humans is close to 100% by

extrapolation.

During vertebrate evolution, the evolvability of miRNA tar-

gets experiences two large dips—from fish to warm-blooded ver-

tebrates (90%–50%) and from birds to eutherian mammals (50%–

18%). The lowered evolvability in the eutherians from the warm-

blooded ancestors indicates that 32% (= 50%–18%) of miRNA

targets are newly constrained in mammalian evolution. We shall

refer to these genes as (newly evolved) mammal-specific targets, or

Mst for short. Mst genes are conserved because there are mammal-

specific properties that constrain target evolution in mammals.

This conclusion can be seen more intuitively in the comparison

between Figure 3, A and C. In Figure 3C, fewer than 10% of sites are

conserved in the 800 Myrs between fish and human (400 Myrs 3 2)

(Kumar and Hedges 1998). In 900 Myrs of evolution in the 10

species of mammals (assuming 90 Myrs per mammalian lineage),

25%–45% of the sites have been conserved.

To show that the Mst genes are evolutionarily significant in

mammals, we compare the evolutionary constraints in their cod-

ing regions with a control group composed of genes with non-

conserved target sites in mammals. The constraint is expressed as

the relative rate of nonsynonymous versus synonymous substi-

tutions (dN/dS). Figure 4 shows the cumulative distributions of dN/dS

for the Mst genes and the control. Among mammals, the coding

regions of Mst genes appear to evolve in concert with the target sites

in 39 UTRs, as both regions are more conserved for the Mst genes

than for the control (two-sample KS test, P = 0.0075).

Further tests of target site evolution

If the above hypothesis on the evolution of miRNA targets is

general, then it should be able to pass two tests. First, the evolu-

tionary pattern should be observable for all properly defined sets of

miRNA target sites. Second, this pattern should be stronger in

miRNA target sites than in other conservative sites in the genome.

For the first test, we note that the high score of relative en-

richment used in the main analysis is a very stringent criterion.

Although nearly 70% of CLIP-captured sites are included, only

a small number of highly expressed miRNAs are used. Supple-

mental Figure 3, A and B show that target sites with a relative en-

richment score of >1 exhibit a similar evolutionary dynamics. In

this expanded list, nearly half of the expressed miRNAs families in

the cell lines are included. Hence, the CLIP-identified target sites of

less highly expressed miRNAs show the same evolutionary pattern

as well.

We further analyze target sites identified by miRNA pertur-

bation experiments in TarBase (Lim et al. 2005; Sethupathy et al.

2006; Selbach et al. 2008). Figure 5, A and B use data from trans-

fection experiments that monitored the levels of mRNA and pro-

tein changes, respectively, after perturbation. Target sites in both

panels show the same trend as the CLIP data. Among the 10

mammalian species, 17%–23% of target sites are conserved in 900

Myrs of evolution, whereas only 4% are conserved between human

and fish in a shorter elapsed time (800 Myrs). In comparison with

CLIP sites, target sites identified by these two types of transfection

experiments are less conserved. As explained earlier, both false

positive and false negative rates in target identification are high in

expression assays because of feedbacks and other expression

compensations. Hence, if the sole purpose is to identify target

sites, CLIP data may be more appropriate for reasons of higher

signal/noise ratios and the ease in scaling up to genome-wide data

acquisition.

For the second test, we analyze randomly selected 6-mer sites

in the coding regions that are not miRNA targets. While Figure 5C

shows that CLIP sites are more conserved than these coding DNA

sequence (CDS) sites in mammals (24% of CLIP sites conserved in

all 10 mammals vs. 8% of CDS sites), Figure 5D shows the opposite

trend in the longer-term evolution. Albeit more conserved in the

mammals, CLIP sites become less conserved between human and

fish (5.5% conserved vs 9.1% for CDS sites). These other types of

conservative sites in the genome may not be strictly constant ei-

ther, as Fitch and Margoliash (Bitar et al. 1972; Fitch 1976) dem-

onstrated for cytochrome c sequences many years ago. However,

the changes in evolvability are apparent for these other sequences

only over a much longer time span, and indeed there is generally

adequate consensus on whether a coding sequence is evolution-

arily conserved or not. In contrast, the uncertainty and disagree-

ment over miRNA target site conservation (Farh et al. 2005; Chen

and Rajewsky 2006a,b) may be a reflection of the rapid changes in

their degree of evolutionary conservation.

Discussion
In this study, the portion of miRNA target sites that are conserved is

shown to be evolving over time. As a result, there is too much

conservation when closely related species (say, between primates)

are examined, or there is too little conservation when distantly

related species (such as between birds and mammals) are com-

pared. This may help to explain the lack of a consensus on the

degree of conservation of miRNA target sites (Farh et al. 2005;

Chen and Rajewsky 2006a,b).

Table 2. Estimated proportions of conserved miRNA target sites
(p) between humans and other vertebrate groups

Constant u Variable u

Chimpanzee 82.10% 94.24%
Rhesus 90.05% 94.30%
Mammalsa 79.95% 81.15%
Opossum 60.91% 58.99%
Chicken 48.61% 45.81%
Zebrafish 9.97% 6.31%

Estimates were calculated with a constant u (mutation rate) and a variable u.
aAveraged over 10 mammalian species.

Figure 4. Cumulative distributions of the dN/dS ratio for Mst genes and
the control group. Mst genes have target sites that are conserved in 10
mammalian species. The control group genes have target sites that are not
conserved in mammals.

Evolvability of microRNA targeting
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Given the evolving evolvability of miRNA targets, a salient

feature of the pattern is the near 0% evolvability when the trend is

extrapolated to the smallest taxonomic taxon, namely, a single

species. Human polymorphic data showed these miRNA target

sites are much less polymorphic than the rest of 39 UTRs (Supple-

mental Table 2). The pattern suggests stronger selective constraints

in the former than in the latter. These constraints are consistent

with the hypothesis that most target sites with matching seed se-

quences are functional, at least for the duration commensurate

with the time scale of population genetic processes. This implies

that most target sites bound by the RISC complex with matching

seed sequences are evolutionarily constrained, at least for a short

evolutionary period. In other words, all sites identified in the CLIP

data are likely functional, but some will not remain so for long.

Functional analysis corroborates that the CLIP method cap-

tures functional target sites and that nonconserved CLIP sites are

likely to be functional as well. We examined two cancer-related

miRNA families to further elucidate the relationship between

conserved and nonconserved targets. The DAVID bioinformatics

tools are used in the analysis of pathway enrichment for CLIP sites.

In the first family, miR-15/16 are known to act as tumor suppres-

sors (Aqeilan et al. 2010), and both their conserved and non-

conserved targets are enriched in cancer-related pathways (Supple-

mental Table 3). The two target groups may even act synergistically

in the same biological process. The second

miR-17/20/93 family acts to promote pro-

liferation, inhibit differentiation, and sus-

tain cell survival (He et al. 2005; Grillari

et al. 2010; Olive et al. 2010). The con-

served targets of this family are enriched

for genes in the TGF-beta pathway (Sup-

plemental Table 3; Mestdagh et al. 2010)

and the nonconserved targets are enriched

for genes in the TP53 signaling pathway

(Supplemental Table 3). Hence, the two

target groups function in related pathways.

In mammals, 32% of target sites be-

came newly conserved at the onset of

mammalian radiation. The constraints are

imposed on both miRNA target sites and

the corresponding coding regions. These

constraints are probably a manifestation

of newly evolved functions in mammals,

and the miRNA binding sites acted as the

regulators of these new functions. Because

miRNAs cover almost all pathways and

the biology probably involves most as-

pects of being a mammal, it is not sur-

prising that the mammal-specific set is

not restricted to something obvious, like

mammary. There are two significant shifts

in miRNA targeting in our study—from

fish to warm-blooded vertebrates and

from birds to eutherian mammals. Be-

tween birds and eutherian mammals,

there is only one splinter group on the

phylogenetic tree until the beginning

of the mammalian radiation. Then, in a

short period of time, many major orders

emerged. The genetic architecture must

have been shaped before the radiation

and, presumably, miRNAs and their tar-

gets are part of that architecture that permitted these many forms

to be based on it.

Methods

miRNA selection
We chose the top 100 expressed miRNAs in HEK293 cells that were
surveyed by deep sequencing and merged them into 64 distinct
miRNA seeds for analysis (Supplemental Table 4).

For the evolutionary analysis of miRNA target sites, we first
selected the miRNAs which are conserved between human and
zebrafish. The conservation of these miRNAs in other mammals
and vertebrates is then confirmed. We allowed a miRNA to be
missing in at most three of the 16 species (Supplemental Table 5)
since some genomes are still incomplete. We then required the
observed ones to have the fully conserved seed.

Relative enrichment score estimation

A CLIP cluster is a group of overlapping reads, obtained by the
CLIP technique, which are mapped to the same genomic location
(Hafner et al. 2010). To reduce the false positive rate in the binding
site identification, we filter CLIP clusters according to T/C mu-
tations occurring at the cross-linking sites, and extracted only the
11-nt downstream region of T/C sites to represent the CLIP cluster,

Figure 5. Other target site evolutions. (A) The conservation of another collection of target sites in 10
species of mammals which are compared with human. Lim et.al. (2005) and Selbach et al. (2008) data
are from transfection experiments that monitored the levels of mRNA and protein changes, respectively,
after perturbation. (B) The observed proportions of sites that are conserved between human and other
vertebrates. The legend is shared by A and B. (C ) The conservation of randomly selected 6-mers in CDS
region of CLIP target genes in 10 species of mammals which are compared with human. (D) The ob-
served proportions of CDS 6-mer sites that are conserved between human-mouse and human-zebrafish.
The legend is shared by C and D.

Xu et al.

1814 Genome Research
www.genome.org

 Cold Spring Harbor Laboratory Press on June 19, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


which is found to be the most enriched of miRNA target sites
(Hafner et al. 2010).

The 12-nt CLIP clusters with cross-linking T/C sites and the
depth of the cluster were extracted from the supplementary files of
Hafner et al. (2010). The genomic positions were converted to hg19
using the UCSC LiftOver tool and annotated using refGene files
downloaded from the UCSC Genome Browser (Fujita et al. 2011).
The enrichment scores for all the CLIP clusters and CLIP clusters
that mapped to 39 UTR regions were calculated, respectively.

We considered any sequence in the CLIP cluster containing
a 7–8 bp match to position 2-8 (m8), or position 2-8 plus A in
position 1 (8-mer), or position 2-7 plus A in position 1 (1A) of the
miRNA as a putative target site (Bartel 2009). Because the binding
strength of nontarget sequences by the CLIP procedure is not
known, we developed a measure, referred to as the relative en-
richment score, for the overrepresentation of binding site se-
quences in the data. A high score means the binding sites of the
said miRNA are high-confidence target sites.

The relative enrichment score is the ratio of reads comple-
mentary to a given miRNA seed in the observed proportion of CLIP
clusters to the expected proportion by chance among the
expressed transcriptome. The observed proportion of target reads
was calculated as the number of total reads in the CLIP cluster
containing a given miRNA target divided by the total number of
reads in all the CLIP clusters. The expected proportion was the ratio
of expressed copies of genes with a given miRNA seed to the total
number of copies of genes expressed in HEK293, normalized by
gene length.

For example, the number of reads in CLIP clusters identified
as binding sites of miR-92a was 28,653, out of 368,496 total reads
in all the CLIP clusters (;0.0784/12 nt). The expected propor-
tion of miR-92a binding sites in the transcriptome by chance is
0.000896/12 nt. Therefore, the enrichment score for miR-92a is
0.078/0.000896»86.77.

The gene expression profile of the HEK293 cell line was
downloaded from the GEO database (GSE21578).

Microarray data of miRNA knockdown or overexpression
experiments

We used previously reported miRNA knockdown data (GSE21577)
(Hafner et al. 2010). In this data set, HEK293 cells were transfected
with miRNA inhibitors, followed by microarray analysis of the
change of mRNA expression levels. For miR-16, we also used pre-
viously reported overexpression data (Selbach et al. 2008). Only
genes with one target site were chosen for analysis. To calculate the
repression efficacy for each target group, we first calculated the
average fold changes of targets for each miRNA. We then divided
the average fold change of CLIP-nonconserved targets by that of
CLIP-conserved targets to get the relative repression efficacy for
each miRNA. Finally, we calculated the mean and standard de-
viation of relative repression efficacies.

Binding sites evolution analyses

To examine the conservation of the binding sites, we extracted the
binding sites from pairwise alignments, which is more accurate
than multiple alignments. We downloaded the pairwise alignment
files between human and other species from the UCSC database
(http://genome.ucsc.edu/). The sequences of the 6-mer core sites
for each species were extracted from the pairwise alignment accord-
ing to the site positions for human. For analysis of binding site
conservation in mammalians species, we obtained dog, cow, mouse,
pig, panda, guinea pig, horse, cat, elephant, and rabbit alignments.
For the vertebrate analyses, we used chimpanzee, rhesus, opossum,

chicken, and zebrafish alignments (Kumar and Hedges 1998;
Goodman 1999). In order to reduce potential errors from poor ge-
nome sequence quality, we eliminated a species from consideration
if there was no sequence for that species, whereas the other nine
species were aligned well. For randomly sampled 39 UTR and CDS,
6-mer sites were extracted from the 39 UTR and CDS region of
target genes. The conservation of the random sites was analyzed
in the same way as for the binding sites.

Decay rate r of binding sites was defined as change of site per
Myrs. The evolutionary conservation of any site follows the ex-
ponential decay function, exp(�rt). Two methods were used to
estimate the background evolution rate by maximum likehood
estimation. In brief, a constant average background decay rate was
estimated from the observation. For a better fit, an exponential
distribution was employed to estimate the decay rate in 39 UTR
regions (Supplemental Fig. 4). The decay rate of miRNA binding
sites was assumed to follow a gamma distribution. The propor-
tion of constrained sites p, and the parameters of gamma were
estimated from the observed data in R statistical analysis soft-
ware. An R package called maxLik was used for the MLE (http://
www.maxlik.org/).

TarBase target selection

Experimentally supported miRNA target genes were first down-
loaded from TarBase 5.0 (Sethupathy et al. 2006). To attain an
unbiased assessment of target evolution, evolutionary criteria have
to be excluded in target identification. We, therefore, selected target
genes identified without any conservation requirement, i.e., targets
from two expression perturbation experiments (Lim et al. 2005;
Selbach et al. 2008), for further analysis. Target genes with seed
match to the transfected miRNA were selected as target genes. The
conservation analysis of these target sites was done as CLIP sites
described above.

CDS conservation estimation

We downloaded the CDS alignments of 45 vertebrate genomes
from the UCSC Genome Bioinformatics site (http://hgdownload.
cse.ucsc.edu/downloads.html#human). Alignments for nine mam-
malian species (human, dog, cow, mouse, guinea pig, horse, cat,
elephant, and rabbit) were extracted from the multiple alignment
files. The dN/dS ratio for each group of genes was calculated by
PAML (Yang 2007) with model 0.

Pathway analysis

We used the DAVID bioinformatics resources for pathway analysis
(Huang et al. 2009). The expressed mRNAs in HEK293 cells were
used as backgrounds. Enriched pathways with EASE Score # 0.05
and fold enrichment $ 2 were chosen. The EASE Score test is a
modified Fisher’s exact test that uses a jackknife procedure similar
to resampling to correct for multiple testing but with higher power
(Blüthgen et al. 2005).
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