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Abstract

MicroRNAs (miRNASs) are small endogenous RNAS that bind to short, seed-matched sitesin the
3'UTRs of mRNASs to direct the posttranscriptional repression of these messages. Comparative
sequence analyses have shown that, on the whole, a sizable number of these sites are
preferentialy conserved, but previous analyses were not suitable for measuring the probability of
individual sites being selectively maintained and may have substantially underestimated the true
scope of conserved targeting. We have overhauled our comparative genomics tool for finding
and analyzing the conservation of 3' UTR motifs and applied it to the analysis of human miRNA
sites. The new tool more completely controls for background conservation by accounting for
mutational biases, dinucleotide conservation rates, and the conservation rates of individual UTRs.
These improvements allow statistically powerful analysis of the conservation of individual
mMiRNA target sites— an important criterion for assessing which of the many sites are most
promising for experimental follow-up. Moreover, substantial increases in sensitivity were
achieved by more efficiently incorporating new genomes and different seed-match types. When
considering sites matching the 87 mammalian miRNA families conserved to chicken or beyond,
over 45,000 sites within human 3UTRs are conserved above background levels. This number
represents a ~3-fold increase over the most sensitive lower-bound reported previously and
indicates that more than 60% of human protein-coding genes have been under selective pressure
to maintain pairing to miRNAs. Mammalian-specific miRNAs have far fewer conserved targets
than do the more broadly conserved ones, even when considering only more recently emerged
targets. Severa seed-match types contribute similar numbers of targets, indicating that purifying
selection acts on weaker but more common target sites roughly as often as on stronger but rarer
sites. Although pairing to the 3' end of miRNAS can compensate for seed mismatches, this class
of sites appearsto constitute less than 2% of all conserved sites. We generate scores for the
probability of any seed match being selectively maintained due to miRNA targeting, called Pcr,
which correlate with experimental data on site efficacy. Our greatly expanded set of target
predictions, which now include conserved 3'-compensatory sites, are available at the TargetScan
web site, which displays the Pt score for each site and each predicted target.
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Introduction

MicroRNAs are ~22-nt endogenous RNAs that derive from distinctive hairpin precursorsin
plants and animals (Bartel 2004). After incorporation into a silencing complex, which contains at
its core an Argonaute protein, a miRNA can pair to an mRNA and thereby specify the
posttranscriptional repression of that protein-coding message, either by transcript destabilization,
tranglational repression, or both. MicroRNAS constitute one of the more abundant classes of
gene-regulatory moleculesin animals, with hundreds of distinct miRNAs confidently identified in
both human and mouse (Landgraf et al. 2007). A central goal for understanding the functions of
all these small regulatory RNASs has been to determine which messages are targeted for
repression.

The search for biological targets of metazoan miRNAs has benefited greatly from the
comparative analysis of orthologous mRNAs. Targets of miRNASs can be predicted above the
background of false-positive predictions by requiring conserved Watson—Crick pairing to the 5'
region of the miRNA, known as the miRNA seed (Lewis et al. 2003). Because so many messages
have preferentially preserved their pairing to miRNA seeds, targets can be predicted simply by
searching for conserved 6-8mer matches to miRNA seed region (Brennecke et al. 2005; Krek et
al. 2005; Lewis et a. 2005). Four types of seed-matched sites are known to be selectively
conserved (Lewis et al. 2005): the 6mer site, which perfectly matches the 6-nt miRNA seed, the
7mer-m8 site, which comprises the seed match supplemented by a Watson—Crick match to
mMiRNA nucleotide 8, the 7mer-A1 site, which comprises the seed match supplemented by an A
across from miRNA nucleotide 1, and the 8mer site, which comprises the seed match
supplemented by both the m8 and the A1 (Fig. 1A). Supporting the validity of seed-matched
target predictions, cellular messages that either decrease following miRNA addition or increase
following miRNA disruption preferentially contain seed matches (Krutzfeldt et al. 2005; Lim et
al. 2005; Giraldez et a. 2006; Rodriguez et a. 2007), with the following hierarchy of site
efficacy: 8mer > 7mer-m8 > 7mer-Al > 6mer (Grimson et al. 2007; Nielsen et a. 2007).

In addition to its utility for predicting the identities of the regulatory targets, comparative
sequence analysis has provided fundamental insights regarding features of mRNA sites required
for effective miRNA recognition. For example, a systematic analysis of matches to 7-nt segments
spanning the length of the miRNAs showed that only those matching the 5' region of the miRNA
are conserved more than expected by chance, thereby defining the seed region as the key
determinant of miRNA specificity (Lewis et al. 2003). Additional analyses of preferential
conservation uncovered the importance of non-Watson—Crick recognition of an A across from
mMiRNA nucleotide 1 and of an A or U across from nucleotide 9 (Lewis et a. 2005; Nielsen et al.
2007). Comparative analyses revealed targeting in open reading frames (ORFs) (Lewiset al.


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

Downloaded from genome.cshlp.org on June 6, 2026 . Published by Cold Spring Harbor Laboratory Press

Friedman et ., page 4

2005; Stark et a. 2007a) but also supported experimental findings that sites are more effective if
they fall outside the path of the ribosome (Grimson et al. 2007). Comparative analyses supported
the importance of other features of site context, including positioning within high local AU
composition (Grimson et a. 2007; Nielsen et al. 2007), away from the centers of long UTRS
(Gaidatzis et a. 2007; Grimson et a. 2007; Majoros et a. 2007), and near to nucleotides that can
pair to miRNA nucleotides 13-16 (Grimson et al. 2007).

Comparative analysis has a so reveal ed the wide scope of metazoan miRNA targeting,
indicating that many genes of mammals, flies, and worms are miRNA targets (Brennecke et a.
2005; Krek et al. 2005; Lewis et a. 2005; Xie et al. 2005; Lall et a. 2006). For example,
combining the 3'UTR conservation attributed to miRNA seed matching with that from ORFs
indicates that over one third of human protein-coding genes have been under selective pressure to
maintain pairing to miRNAs (Lewis et al. 2005). Moreover, the selective depletion of seed
matching sites in messages highly expressed in the same tissues as the miRNAs implies frequent
nonconserved targeting (Farh et a. 2005; Stark et al. 2005).

Ever since the availability of whole-genome multiple alignments (Blanchette et al. 2004) sites
have been considered conserved if they are retained at orthol ogous locations in every genome
under consideration, and considered “nonconserved” or poorly conserved if they are missing or
have changed in one of the genomes. This binary approach has been very productive but
becomes less suitable now that the alignments include more than afew genomes. Requiring
conservation in every species of a 28-genome alignment would exclude sites that are under strong
selective pressure to be conserved in many genomes yet are missing at the orthologous position in
some genomes either because of lineage-specific loss, gain, or substitution, or because of
imperfections in sequencing, assembly or alignment. To capture more of the conserved sites, a
guantitative approach has been devel oped that makes the reasonable assumption that aligned sites
with in orthologous genes have a single origin and measures the portion of the phylogenetic tree
that retains each site by summing the branch length over which each site has been preserved
(Kheradpour et al. 2007). Because it represents an estimate of the amount of evolutionary time
over which a site has been conserved, this branch-length score yields a multi-valued metric that
accounts for phyl ogenetic relationships between the species studied (Kheradpour et al. 2007).
The score isinterpreted by selecting a branch-length cutoff that separates more conserved and
less conserved sites. Sliding the branch-length cutoff from zero to the total length of all branches
enables tuning of sensitivity and specificity. This method has been applied to the 12-genome
alignments of fliesto predict conserved miRNA sites with sensitivity substantially improved over
the previous binary approach (Kheradpour et al. 2007; Ruby et al. 2007), but has yet to be applied

to mammalian site conservation.
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While whole-genome alignments have made it simple to detect the conservation of sitesin
orthologous locations of genes, it is much more difficult to distinguish those sites or motifs under
selective pressure to be maintained from those conserved by chance. A genera attempt to detect
preferential conservation of any motif used a simple z-score test but did not control for genomic
location or sequence characteristics (Xie et al. 2005). Another approach, devel oped for detecting
maintenance of MiRNA sites, has been to generate cohort sets of miRNA-like sequences, then
determine the number of conserved sites that match these control sequences and use this as the
estimate of chance conservation (Lewis et a. 2003). When choosing these control s carefully so
asto avoid sites underrepresented in mMRNA sequences, this approach has been effective for
evaluating sets of miRNA sitesin aggregate (Lewis et a. 2003; Brennecke et a. 2005; Krek et al.
2005; Lewis et a. 2005; Stark et al. 2005; Lal et al. 2006; Kheradpour et a. 2007; Ruby et al.
2007). Aspreviously implemented, however, this approach breaks down when examining
individual miRNA-site interactions because of afailure to account adequately for differing
mutational biases, dinucleotide conservation rates, and local conservation rates.

Here we develop an improved method for quantitatively evaluating site conservation and
apply it to the study of vertebrate miRNA targeting. Theimproved sensitivity uncovered classes
of sites, including offset seed matches and 3'-compensatory sites, whose conservation previously
had not been detected with confidence. Overall, we find three times as many preferentially
conserved sites as detected previously, thereby dramatically increasing the known scope and
density of conserved miRNA regulatory interactions.
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Results and Discussion

Detection of Seed Match Conservation With Increased Sensitivity and Statistical Power
When using a branch-length metric to evaluate motif conservation, thefirst step isto build a
phylogenetic tree based on the genomic regions under investigation (Kheradpour et al. 2007),
which in our case was 3UTRs. One magjor innovation of our method was to build the phylogeny
in away that controlled for the conservation of individual UTRs. Because mutation, gene
conversion, and crossover rates vary throughout the genome (Wolfe et al. 1989; Hwang et al.
2004; Kauppi et a. 2004), different UTRs have substantially different background conservation
levels. Moreover, some vertebrate genomes have low coverage and are missing a substantial
fraction of genes, also affecting the apparent background conservation. Most methods for
detecting positive selection take into account local conservation rates (Yang et al. 2000) (for
example, Ksin Ka/Ks), but genome-scale methods for detecting purifying selection have thus far
not accounted for thisfactor. In addition to differencesin basal conservation rates, UTRS have
sequence-dependent functions apart from miRNAs, which can influence conservation levels. A
site falling within a UTR with high overall conservation isfar less likely to be conserved due to
MiRNA targeting than is one falling within arapidly evolving UTR (Lewis et a. 2005). Any
method that treats all the UTRs the same greatly over-estimates purifying selection of sitesin
well conserved UTRs and under-estimates purifying selection of sitesin poorly conserved UTRSs.
Starting with a 28-way vertebrate whole-genome alignment that included 18 placental
mammals and 10 other vertebrates (Miller et al. 2007) we extracted the human 3'UTRs and
homol ogous regions from the other 22 non-fish genomes. The five fish genomes were excluded
because they lacked a sufficient amount of aligned 3'UTR sequence. To help control for
individual UTR conservation, 3'UTRs were separated by conservation rate into ten equally sized
bins, and a unique set of branch lengths based on 3'UTR sequence alignments was constructed for
each bin (Fig. 1B, Supplemental Fig. 1). The conservation of a given sequence (e.g. an 8mer
miR-1 sitein a particular 3'UTR) was then assessed by summing the total branch length in the
phylogenetic tree connecting the subset of species having the sequence perfectly aligned, using
the tree representing the bin of the 3'UTR under investigation. This branch-length value had no
units, with avalue of 1.0 corresponding to the average conservation of asingle nucleotidein
similar UTRs and thus resembled a non-normalized version of the branch-length score described
by Kheradpour and coworkers (Kheradpour et a. 2007). In our analyses, however, asitein a
more divergent UTR needed to be conserved in fewer orthologs to achieve the same branch-
length value because the branch lengths in a phylogeny representing the more divergent UTRs
were longer than those of one representing more conserved UTRs. For example, the 8mer miR-1
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site found within in the human SLC35B4 UTR received the same value as the site within the
SPRED1 UTR, even though it was present in fewer aligned genomes (Fig. 1B).

Because sequences can be conserved by chance or for many reasons other than functional
mMiRNA targeting, the branch-length values were only interpretable when considered within the
context of the estimated background conservation. Our method attempted to control for many
factors that can affect the conservation level of a short sequence of length k (a k-mer), including
GC content, dinucleotide content, the interrelation of miRNA seed-match types, genome
alignment quality, and the local conservation rate. The combined effects of all of these factors on
background conservation were estimated based on empirically observed conservation of k-mers
as opposed to theoretical calculations. As done previously (Lewis et al. 2003; Brennecke et al.
2005; Krek et al. 2005; Lewis et a. 2005; Stark et al. 2005; Lall et al. 2006; Kheradpour et al.
2007; Ruby et al. 2007), the expected fraction of sites conserved due to miRNA recognition was
estimated using a cohort of k-merswith similar properties, which were presumed to be subject to
the same evolutionary pressures except for the possible miRNA regulatory relationship. Because
we did not alow conserved k-mers that were seed matches for miRNAs with any known
conservation, and because the discovery rate of highly conserved vertebrate miRNAs has dropped
dramatically in recent years, the control k-mers can be assumed devoid of conservation due to
mMiRNA targeting. Three substantial improvements to the estimation of background conservation
were introduced. First, we matched control k-mers using an expected conservation based on both
the k-mer’s GC content and the expected conservation of its constituent dinucleotides, which
enabled a more rigorous and accurate estimate of background conservation levels of individual
MiRNASs (Fig. 1C). Previous methods matched k-mers based on their abundance in human
3'UTRs, which is adequate when analyzing large groups of miRNAs, but thisvariable is poorly
correlated to conservation for individual miRNAs (Fig. 1C) and can be affected by evolutionary
avoidance of k-mers, a known property of miRNA seed matches (Farh et al. 2005; Stark et al.
2005). Second, we created mutually exclusive seed-match classes by subtracting the signal and
the background of larger seed matches (e.g. 8mers) from the smaller seed matches that could be
contained within them (e.g. 7mers, Fig. 1D). This protected against double-counting
conservation while increasing sensitivity by more closely matching control k-mer sizesto the
observed conservation (see supplementary discussion). Third, the estimate of background
conservation controlled for the conservation of individual UTRS, in that control cohorts were
analyzed using the same ten phylogenetic trees and same ten UTR datasets employed for analysis
of authentic sites. Without this improvement, different members of the control cohort had widely
varying conservation. By reducing this variability, more precise background estimates were
achieved, which enabled more sensitive detection of site conservation. Thus, we calculated ten
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distributions of branch-length values for both signal and background using both the k-mer and its
ten sets of control cohorts and then summed these distributions to compile the overall signal and
background distributions for each k-mer (Fig. 1E). These three innovations all helped to control
for the background conservation specific to individual seed match sites, enabling statistically
sound comparisons between the conservation of seed match types, between seed matches to
different miRNAS, and even between individual sites.

At Least 44,000 Sites Are Selectively Maintained Due to miRNA Targeting

We first looked for excess conservation of seed matches for a set of highly conserved miRNAs
that appear to have been present since the last common ancestor of all 23 vertebrate species under
consideration, defined as those mammalian miRNAs also found in chicken, lizard or fish, which
fell into 87 families based on the identity of nucleotides 2-8 (Supplemental Table 1). For each k-
mer, representing a single seed-match type for a particular miRNA, the distribution of branch-
length values was compiled for sites present in human 3UTRs. Asthe branch-length-value cutoff
was increased from zero, the number of sites that matched control sequences decreased faster
than did the number matching authentic miRNA seed matches (Fig. 2A). At any particular
branch-length cutoff, if the number of conserved sites of a k-mer (the signal) was higher than that
of control sequences (the background), the excess conservation was attributed to purifying
selection. Note that we use the term “background” instead of “noise” because the latter term may
connote variance in the background estimate as opposed to the estimate itself. The number of
sites conserved above background reflects the sensitivity of the analysis, whereas the ratio of
signal to background reflects its specificity.

Wefirst considered the three 7-8mer seed-match types (8mer, 7mer-m8, 7mer-Al), which
correlate most strongly with targeting efficacy (Grimson et a. 2007; Nielsen et al. 2007) and are
among the miRNA matches currently used to predict conserved targets of metazoan miRNAs
(Fig. 2B) (Brennecke et al. 2005; Grun et al. 2005; Krek et al. 2005; Lewis et al. 2005; Lall et al.
2006; Ruby et a. 2006; Gaidatzis et al. 2007; Ruby et al. 2007). At a branch-length cutoff of 2.0,
alarge majority of these sites were in excess of the background (Fig. 2B, right panel). However,
this high specificity came at a price, with many more sites detected above background at aless
stringent cutoff of 1.0 (Fig. 2B).

Our more precise estimate of background conservation enabled robust detection of purifying
selection for 6mer seed matches that were not part of the larger, 7-8mer seed-matched sites (Fig.
2B). Ten thousand sites were conserved above background—a high number when considering
the marginal efficacy of these 6mer sites, as measured by monitoring mRNA destabilization after
adding or disrupting miRNAs (Grimson et a. 2007; Nielsen et al. 2007). Analysis of MRNA
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expression following ectopic addition of miRNAsinto HelLa cells indicated that a offset 6mer
matching miRNA positions 3-8 (Fig. 1A), mediated MRNA destabilization approaching that of
the seed-matched 6mer, matching positions 2-7 (Fig. 2C), although the effects of the seed match
6mer were still significantly stronger (P = 0.03, 2-sided KStest). This marginal yet detectable
activity prompted us to explore the possibility that these offset 6mer sites might also be
selectively maintained. Our analysis, subtracting conservation due to 7- or 8-mer seed-matched
sitesaswell asthat attributed to matching seeds of related miRNAS, indicated that a small but
detectable fraction of these offset 6mers were indeed selectively maintained (Fig. 2B). Because
these 6mer sites are so abundant in 3UTRs, this small fraction corresponded to thousands of sites
under purifying selection, which have been missed by algorithms that search for only seed-
matched sites.

The result for the offset 6mer raised the question of whether 6mer matches to nearby miRNA
segments might also be selectively maintained. Analysis of matchesto miRNA segments 1-6, 4-
9, and 5-10, excluding those sites that al so possessed seed matches, revealed no 6mer segments
with appreciable signal above background (Supplemental Fig. 2). Parallel analyses of the mRNA
expression data also failed to reveal 6mer sites with efficacy approaching that of the 6mer site
corresponding to segment 3-8. We therefore focused on the selective conservation of the five
types of sites that matched the seed region, one 8mer, two 7mers, and two 6mers, which we refer
to as the 6mer and the offset 6mer (Fig. 1A).

When examined over a broad range of branch-length cutoffs, signal-to-background ratios
plateaued at a branch-length cutoff of about 3 (Fig. 2D), which exceeded the maximal branch
length of the more highly conserved UTR bins. Larger signal-to-background ratios implied
higher fractions of seed matches under selection. For example, a signal-to-background ratio of
4.0 corresponds to 75% of matches being under purifying selection and thus presumably having
conserved function. Regardless of the cutoff, the hierarchy of signal-to-background ratios
remained constant, with 8mer > 7mer-m8 > 7mer-A1l > 6mer > offset 6mer. Moreover, signa-to-
background ratio of the five site types, which indicated the fraction of sites under selection,
corresponded well with the minimal fraction of sites conferring transcript destabilization
following microRNA transfection, indicating a striking correlation between the selective
maintenance of site types and their efficacy (Fig. 2E).

When considering the number of selectively maintained sites, a moderate branch-length
cutoff of 1.0 yielded the highest signal above background (Fig. 2F). Increasing cutoffs from 1.0
to 2.0 yielded a tradeoff between increased specificity (Fig. 2D) and decreased sensitivity (Fig.
2F). For thefiveindividual site types, the number of selectively maintained sites showed little
correl ation with the signal-to-background ratio. For example, the signal -to-background ratio for
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the 6mer (1.2 at branch length 1.0) was far lower than that for the 8mer (2.6 at branch length 1.0),
but signal above background for the 6mer (10,970 at branch length 1.0) was at least as high as
that of the 8mer (8,543 at branch length 1.0). Thus 3'UTRs acquire and maintain marginally
effective target sitesin similar numbers as they do more highly effective sites. 7mer-M8 sites
appear most important in terms of the number of sites under selection (Fig 2F), whereas 8mers
are the most important in terms of the proportion of sequences under selection and equivalently,
the power for prediction of individual targets (Fig. 2D).

Summing together the signal and background estimates for the five site types at the most
sensitive conservation cutoff (1.0) yielded 46,441 + 2,175 sites conserved above background, an
average of 534 + 25 per miRNA family (Fig. 2F). This number of sites was nearly three times
higher than the most sensitive previous estimate, which had required perfect 6mer conservation in
each of human, mouse, rat, and dog, to detect 13,044 3UTR sites conserved above background,
or 210 sites conserved per miRNA family (Lewis et al. 2005). Several factors contributed to this
large increase in the estimate of selectively maintained miRNA sites, including the improved
methodol ogy, larger and more accurate UTR and miRNA datasets, new genomes, and improved
genome quality. To determine whether the principal factor was the newly available genomes, we
performed the same analysis on subsets of genomes, keeping the UTR and miRNA datasets and
methodology constant (Fig. 2G). The sensitivity was robust to the removal of alarge number of
genomes, suggesting that with current methods, the estimate of the number of selectively
maintained sites will remain relatively constant with the addition of newly sequenced genomes.

Detection of selectively maintained sites with higher sensitivity implied that the number of
conserved miRNA targetsisfar higher than previously estimated. Starting with all the sites
detected at a given conservation cutoff and then randomly removing for each site type the number
of sites corresponding to the predicted background in the relevant UTR bin yielded 9,909 + 302
genes targeted at a branch-length cutoff of 1.0. Using this method of sampling conserved sites,
only 7% of genes had multiple conserved sites for the same miRNA family. Thus, for each
mMiRNA family, the number of conserved targets (497 + 49), approached the number of conserved
sites (534 + 25). Although more sites above background were predicted at the conservation
cutoff of 1.0, the number of genes targeted reached a maximum of 10,739 + 564 at a branch-
length cutoff of 0.6, which corresponded to 57.8% + 3.0% of the human Refseq dataset. This
percentage is about twice that of the most sensitive previous estimate (Lewis et a. 2005). Again,
the number of targets per miRNA family (438 + 60) approached the number of sites conserved
above noise per miRNA family (462 + 28). Nonetheless, 72% of the 11,000 targeted messages
had sites to multiple miRNA families, with an average of 4.2 sites per targeted 3'UTR. Indeed,
the observed two-fold increase in targeted UTRs from a three-fold increase in site detection
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meant that our analysis added many additional newly predicted sitesto previously predicted
targets, thereby increasing not only the number of predicted targets but also the density of
predicted targeting.

Siteswith Seed Bulges and Mismatches Are Rarely Under Selection

Having found alarge and statistically significant number of conserved 6mer sites (Fig. 2F),
despite their marginal efficacy (Fig. 2C), we investigated the possibility of selective conservation
of imperfect seed matches, which also display severely compromised efficacy. Reasoning that if
any mismatched sites were selectively maintained, they would include those with the least
disruptive mismatches, we focused on 8mer matches containing either a single mismatch, a G:U
wobble, abulged nucleotide within the site, or abulged nucleotide within the miRNA. In
contrast to the canonical seed-matched types, these imperfect sites displayed little enrichment of
conservation (Fig. 3A). For all four mismatched classes, signal-to-background ratio hovered near
1.0, rarely exceeding 1.1 at any branch-length cutoff, indicating that the number of sites under
selection was at most a small fraction of thetotal (Fig. 3A). The 8mer with abulgein the site
was the only class for which the 5% confidence limit on the ratio consistently exceeded 1.0. This
class of sites appeared to have a few hundred sites conserved above background, a number ten
times less than that of even the weakest seed-matched class (Fig. 3B). We cannot exclude the
possibility that a very small fraction of other mismatched sites might also have been selectively
maintained. However, because of the low signal-to-background ratio and low 5% confidence
estimate for the number of sites under selection, we conclude that seed-mismatched sites are
hardly ever selectively maintained and that including a substantial number of such sites when
predicting targets would greatly compromise prediction specificity. These conclusions are
supported by recent proteomic experiments demonstrating poor efficacy of targets predicted by
methods that allow sites with seed mismatches (Baek et al. 2008; Selbach et al. 2008).

Selective maintenance of sites with a bulge in the site but not those with abulgein the
miRNA corresponds well with previous analyses of plant miRNA targeting (Mallory et al. 2004).
This constraint observed in both plant and animal lineages can be explained by the idea that the
Argonaute protein binds the miRNA backbone, pre-organizing the miRNA seed region such that
the Watson—Crick face is poised for pairing to the message (Bartel 2004). These contacts to the
backbone in the seed region, presumably present before and after binding, would constrain the
seed backbone, spacing each seed nucleotide such that a bulgein the miRNA would impose a gap
in the site that would be difficult to span without disrupting adjacent pairs. In contrast, a bulged
nucleotide in the site would be extruded into solvent and therefore more readily accommodated.


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

Downloaded from genome.cshlp.org on June 6, 2026 . Published by Cold Spring Harbor Laboratory Press

Friedman et al., page 12

Pairing tothe 3' End of miRNAs Displays Small But M easur able Excess Conser vation
Although pairing to the 3' region of the miRNA has long been thought to be consequential,
evidence that such pairing enhances the efficacy of mammalian seed-matched sites has been
obtained only recently (Grimson et al. 2007). Such sitesin which 3' pairing productively
augments seed pairing are called * 3'-supplementary sites'. Productive 3' pairing optimally centers
on miRNA nucleotides 13-16 and the UTR region directly opposite this miRNA segment (Fig.
4A, left). Like seed pairing, 3' pairing appears relatively insensitive to predicted thermostability
and instead quite sensitive to pairing geometry, preferring contiguous Watson—Crick pairs
uninterrupted by bulges, mismatches or G:U wobbles. These features are captured in a 3'-pairing
score, which awards one point for each contiguous Watson—Crick pair matching miRNA
nucleotides 13-16 and a half point for each contiguous pair extending the pairing in either
direction. Pairing segments offset from the miRNA are then penalized by subtracting a half-point
for each nucleotide of offset beyond +2 nucleotides from the register directly opposite the
MiRNA, and then sites are assigned the score of the highest scoring pairing segment (Grimson et
a. 2007). For example, the site shown in Fig. 4A (left), which has seven contiguous, well-
positioned pairs would be assigned a score of 5.5. Sites with scores> 3 display modestly
increased efficacy and conservation (Grimson et a. 2007).

We set out to determine for each site type the selective maintenance of 3' supplementary
pairing. At specified cutoffs for branch length and 3'-pairing score we determined the number of
sites with supplementary 3' pairing, estimating the background by repeating the analysis with a
chimeric miRNA set created by swapping all possible 5' and 3' ends for miRNAs within our 87
MiRNA families. For each site, the 3' pairing score used was the maximum over all members of
the miIRNA family. For each of the four seed-matched types, and especialy for the 7mer-m8 site,
selective maintenance of 3' supplementary pairing was confidently observed (Fig. 4B). As
expected for abiological signal, specificity increased with greater conservation and with greater
3'-pairing score. Sensitivity peaked at a pairing score cutoff of 3.0, indicating that asfew as 3-4
well-positioned supplementary pairs were selectively maintained (Fig. 4B). However, even at
this sensitive cutoff, only 2,281 + 537 seed-matched sites had preferentially conserved 3' pairing.
Assuming that sites with selectively maintained 3' pairing were also drawn from the pool of
~44,000 sites with selectively maintained matches to the seed region, we estimate that only 4.9%
+ 1.1% of al preferentially conserved sites have preferentially conserved 3' pairing. Nonetheless,
for those rare sites with high 3' pairing scores, consideration of supplemental pairing provided a
useful boost to the overall signal-to-background ratio. For example, for the 20 8mer sites with 3'-
pairing scores > 5.0 and branch-length values > 3.0, the aggregate signal-to-background ratio was
estimated to be 23:1 (calculated as 8.6 x 2.7, using values from Fig. 2D and 4B, respectively),
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implying that the conservation of these individua sites was confidently attributed to miRNA
targeting. For the remaining 95.1% of selectively maintained seed matches, which do not have
preferential conservation of pairing to the 3' end of miRNAS, the 3" region of the miRNA might
still interact with the message but in away that does not favor matches over mismatches and
therefore does not add detectably to targeting specificity.

Selective M aintenance of 3'-Compensatory Sites.

Pairing to the 3' portion of the miRNA can not only supplement a 7-8mer match, it can also
compensate for a single-nucleotide bulge or mismatch in the seed region, asillustrated by the let-
7 sitesin lin-41 and the miR-196 sitein Hoxb8 (Vellaet al. 2004; Y ekta et al. 2004). Such sites
arecaled ' 3'-compensatory sites' (Fig. 4A, right). Previous analyses of mRNA array data failed
to detect efficacy of 3'-compensatory sites, even when considering the principles that uncovered
consequential 3'-supplementary pairing, which are embodied in the 3'-pairing score (Grimson et
al. 2007). Thisfailureis attributed to the idea that 3'-compensatory sites are exceedingly rare,
presumably because the amount of pairing needed to compensate for seed mismatchesis greater
than that needed to supplement seed-matched sites, and as a result, a significant association is
difficult to detect (Grimson et al. 2007). Supporting thisidea, all experimentally validated
examples of metazoan 3"-compensatory sites involve pairing that centers on miRNA nuclectides
13-17 and extends to at least 9 contiguous Watson—Crick pairs, which corresponds to a 3'-pairing
score> 6.5 (Vellaet al. 2004; Y ekta et a. 2004).

An analysis of preferential site conservation could be more sensitive than that of array data,
both because site-conservation analysis captures sites mediating translational repression without
detectable MRNA destabilization and because site-conservation analysis can simultaneously
consider many more miRNAs. With this possibility in mind, we examined the prevalence of 3'-
compensatory sites, applying the same methodology as used for 3'-supplementary sites. Sites
with single-nucleotide mismatches or bulges had no enrichment in conserved or nonconserved 3'
pairing exceeding the 5% confidence threshold, regardless of the cutoffs (Fig. 4C). Thisresult
indicated that most of the bulged sites conserved above background (Fig. 3D) are not conserved
because they are 3'-compensatory sites. However, 7-8mer sites with asingle G:U wobble had
confidently enriched pairing at the relatively high 3'-pairing-score cutoff of 4.0. At branch-length
cutoff of 1.0, the number of sites within the 5% confidence interval numbered only 399, an
average of only 4.5 per miRNA. Thus, our results support previous assertions that mismatched
seed sites with 3'-compensatory pairing are only rarely under selective pressure to be conserved
(Brennecke et al. 2005; Lewis et al. 2005). Perhaps because such sites with extensive pairing to
the 3' portion of the miRNA possess much more informational complexity than do the 7-8mer
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perfect matches and therefore emerge much less frequently and are harder to maintain in
evolution, these 3'-compensatory sites appear to be used only rarely for biological targeting,
comprising 1.5% + 0.7% of the conserved sitesin mammals. The somewhat higher number of 3'
supplementary sites implies that 3' pairing, when consequentia, is principally a supplementary
feature of canonical seed sites and more rarely plays arole in conferring activity to imperfect seed
sites.

The paucity of 3'-compensatory sites poses special challenges for confidently detecting
conserved biological sites above background. Our use of the 3'-pairing score and our observation
that the G:U class of mismatches was more frequently compensated by conserved 3' pairing both
represented important inroads into meeting this challenge. The 25 conserved G:U sites with 3'-
pairing scores > 6 include the miR-196 sitein the HoxB8 3'UTR, which has an off-scale 3'-pairing
score of 9.0, and asimilar miR-196 site in the HoxC8 3UTR (Y ekta et al. 2004). These 25 sites,
together with the 5 mismatched sites with scores> 7, are listed (Table 1) and will beincluded in
the next release of TargetScan predictions (targetscan.org). Bulged sites with high 3'-pairing
scores did not appear preferentially conserved and thus are not included in thelist.

Mammalian-Specific miRNAs Have Few Selectively M aintained Seed M atches

An early study found that sites matching broadly conserved vertebrate miRNAs were more likely
to be maintained than those matching mammalian-specific miRNAs (Lewis et a. 2003). Since
then, target-prediction specificity has been estimated using only those miRNAs conserved to fish
or chicken (Krek et al. 2005; Lewis et a. 2005; Gaidatzis et al. 2007), raising the question of
whether the more recently emerged miRNASs have acquired enough conserved targets to detect
any conservation signal above background. To address this question, we assembled a set of 53
mMiRNAS that were present in diverse placental mammals but absent in all sequenced chicken,
lizard and fish genomes (Supplemental Table 2). Examining the placental mammal subset of the
phylogeny, we found little preferential conservation for sites matching these mammalian-specific
miRNAs (Fig. 5A). In contrast to sites matching broadly conserved miRNAs (Fig. 2D), the full
8mer was the only seed-match type with signal-to-background ratio consistently and confidently
above 1.0 (Fig. 5A), and its ratio was no higher than that of offset 6mers matching broadly
conserved miRNAs.

The performance of the mammalian-only set also differed from that of the broadly conserved
set when considering signal above background, with far fewer 8mers conserved above
background (Fig. 5B). These differences could be due either to inherent differencesin the
MiRNA sets, such asthe level and breadth of expression, or to differential evolutionary time
available for beneficial site emergence. To help differentiate between these possibilities, we
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screened matches to the broadly conserved miRNAs, removing all sites with seed matches
conserved beyond mammals, thereby limiting the set of 8mer sitesto those more likely to have
arisen in mammals after the divergence of mammals and other vertebrates. This removed more
than half of the conserved sites matching the broadly conserved miRNAs, showing that part of the
reason for the higher number of sitesisthe much greater time available for beneficia site
emergence. However, even when considering the more restricted set of sites, and after
normalizing for the numbers of mMiRNAs in the two sets, the broadly conserved miRNASs had
more than 4 times as many selectively maintained 8mer matches per miRNA than did the
mammalian-specific miRNAs (Fig. 5B), suggesting that the level and breadth of miRNA
expression are also important factors. When considering also the other site types, the differential
appeared far greater, with the mammalian miRNAs averaging only 10.9 + 3.0 selectively
maintained sites.

To determine whether a few of the mammalian-only miRNAs might have conservation
patterns resembling those of the broadly conserved set, we examined the conservation of 8mer
seed matches corresponding to individual miRNAs. As expected, the signal-to-background ratios
of the broadly conserved miRNAs fell mostly outside the control distribution (Fig. 5C;
Supplemental Table 1). The observation that most fell outside the control distribution illustrated
that the high signals observed for these broadly conserved miRNAs in aggregate al so applied to
most of them individually and could not be attributed to chance overlap of afew seed matchesto
afew highly conserved regulatory sites. In contrast, the mammalian-specific miRNAs had a
distribution only slightly shifted from that of the controls, with an excess of ~5-10 miRNAs in the
1.5-2.5 signal-to-background range. We conclude that only a small subset of mammalian-specific
miRNAs (including most prominently miR-487b, miR-127-3p, miR-379, and miR-543,
Supplemental Table 2) have a measurable number of selectively maintained sites and caution that
for the mgjority of mammalian-specific miRNAS, the observation that a site is conserved provides
no evidence that it has biological function.

Estimating Confidencefor Selective M aintenance of Individual Sites

The widespread scope of conserved targeting brings to the fore the question of which of these
many miRNA target interactions can be predicted with confidence. One raw indicator isthe
conservation branch length of the site — clearly, more highly conserved sites are more likely to be
under selection, particularly when controlling for differential UTR conservation, asin our
method. However, our branch-length values did not account for the type of site and its sequence
features. For example, abranch length of 1.0 for an 8mer is far more compelling evidence for
sel ective maintenance than a branch length of 3.0 for a offset 6mer (Fig. 1D). To control for site
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type and sequence features, we used our previously described controlsto calculate a signal-to-
background ratio (S/B) for each site at each branch-length. For the purpose of evaluating
individual sites, assessing controls at each branch length instead of at each branch-length cutoff is
necessary in order to avoid crediting poorly-conserved sites for having the same sequence as
many highly-conserved sites. We then converted this S/B to a probability of conserved targeting
(Pcr), which is approximately equal to (S/B — 1)/(S/B) (or near zero, for siteswith S/B < 1). This
score reflected the Bayesian estimate of the probability that a site is conserved due to selective
maintenance of MiRNA targeting rather than by chance or any other reason not pertinent to
miRNA targeting, alowing for uncertainty in the /B ratio. For predicting biologically conserved
target sites, the score represented 1 — FDR, where FDR was our estimate of the fal se-discovery
rate. This deceptively simple value incorporated knowledge of the conservation level of a
particular site, the seed match type, the number of selectively maintained seed matches for the
particular miRNA, the background conservation level for the k-mer, and the UTR conservation
context.

The Pt provides a useful criterion for assessing the biological relevance of predicted
mMiRNA-target interactions. Selectively maintained sites are more likely to have detectable
biological function, are more likely to have functions in experimental animals that are pertinent to
humans, and tend to be more effective (Grimson et al. 2007; Nielsen et a. 2007). Toillustrate the
ability of this measure to predict site efficacy, we turned to experimental data examining mRNA
destabilization after introducing miRNAs (Grimson et a. 2007). As expected, site Pcr correlated
with mean level of MRNA destabilization (Fig. 6A). In addition, we tested a subset of miRNA
sites that were previously considered nonconserved because they were not found in either mouse,
rat, or dog alignments (Lewis et al. 2005). Those sites newly recognized as selectively
maintained were substantially more responsive to the transfected miRNAs than were those still
lacking a signal for conserved targeting (Fig. 6B).

Having established a more sensitive and precise tool for evaluating site conservation, we
overhauled the TargetScan web resource, separating poorly conserved, conserved, and highly
conserved 3'UTR targets of each miRNA based on the Pcr values of their 7-8mer sites, compiling
an aggregate probability of conserved targeting (aPcr) for those targets with multiple sites for that
MiRNA, calculated as aPct = 1 — (FDRgte1 X FDRgte2 X FDRgitez ...). TO capture sites that were
missing in the annotated human 3'UTRs but present in the mouse annotations, a mouse-centric
version of the analyses was performed in parallel. Thisimproved web resource, called
TargetScan version 5.0, also lists the Pcr for each 7-8mer site, with the option of sorting the
predicted targets of each miRNA by their aPcr. Retained in TargetScan 5.0 are site context
scores, which consider features such as the AU content in the vicinity of the site and the position
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of the site within the message, to predict the function and quantitative efficacy of each site
(Grimson et al. 2007). Because the context scores are determined based on information
completely orthogonal to site conservation, the Pcr values and the context scores provide
independent and complementary information useful for predicting the biological relevance and
efficacy of each site.

The Widespread Scope of Conserved Targeting

One of the key results of applying our new methods for quantitatively evaluating site
conservation to the study of miRNA targeting was the sheer number of preferentially conserved
sites. When considering only the 6-8mer perfect 3'UTR matches to the seed regions of broadly
conserved miRNAS, 46,441 + 2,175 sites were conserved above background, implying that 57.8 £
3.0% of the human genes are conserved miRNA targets. Considering also imperfectly matched
sites added another 625 + 239 preferentially conserved sites to the total (Fig. 3B); 3'
compensatory sites added another 714 + 315 (Fig. 4C), sites matching more narrowly conserved
miRNAs added another 578 + 158 (Fig. 5B), altogether modestly raising the estimated number of
preferentialy conserved 3'UTR sitesto 48,360. Not considered are the human miRNAs that have
escaped confident annotation. However, because these miRNAs have remained unannotated in
part because they are more narrowly conserved and have more restrictive expression domains, our
results for the mammalian-specific miRNAs suggest that eventual consideration of these
unannotated miRNAs will add only modestly to the current picture of conserved targeting. We
suspect that a more significant increase will come by considering targeting in ORFs, which is
thought to be widespread, although far less than that in 3'UTRs (Lewis et al. 2005; Stark et al.
2007b). Further increases will come with improved UTR annotations and the consideration of
aternative 3UTRs. Anticipating these additional sites, we can say with confidence that over
60% of human protein-coding genes are conserved targets of miRNAS, with our best estimate of
the actual fraction of human protein-coding genes under pressure to maintain pairing to miRNAs
faling above this, at about two thirds of all protein-coding genes.

One surprise of our analysis was the substantial number of selectively maintained 6mer and
offset 6mer sites, numbering 10,970 + 1,909 and 8,803 + 1,276, respectively. Indeed, when
excluding these sites and considering only the 7-8mer sites, our estimate of the number of
conserved targets per broadly conserved miRNA dropped to 292 + 18, which corresponded to
44.5 £ 3.4% of the RefSeq genes. With the exception of a offset 6mer site for let-7 miRNA in the
human Lin-28 3UTR (Wu et al. 2005), 6mer sites typically have very poor efficacy when
examined experimentally, as if the mgjority are inert and nearly al the rest have very margina
influence on protein output (Grimson et al. 2007; Nielsen et a. 2007; Baek et a. 2008; Selbach et
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al. 2008) (Fig. 2C). Yet 3 UTRs acquire and maintain these 6mer target sitesin similar numbers
asthey do 7- and 8mer sites. Of course, 6mers are much easier to access by mutation and then
preserve from mutation, but what would be the selection pressure to preserve such minor effects?
One conundrum in the field of miRNA-mediated gene regulation is why so many 7-8mer sites
would be conserved so broadly in metazoan 3'UTRs, when each down-regulates protein output by
very little— nearly always less than 50% and usually less than 20%, which would only very
rarely produce observable phenotypic consequences (Baek et al. 2008). But the 7-8mer
conundrum pales when considering the sel ective maintenance of 6mers, which appear to tweak
gene expression so finely that the effects are difficult to detect at the molecular level, let aone the
phenotypic level.

Our observation that these 6mer sites have been selectively maintained so frequently implies
the existence of widespread pressure for finely adjusted protein output with surprisingly narrow
tolerances for optimal expression in different cell types. The observation that this selective
pressure persists over such long branch lengths indicates that these optimal expression levels and
narrow tolerances persist in the face of many other changes over surprisingly long evolutionary
distances. These results become somewhat easier to reconcile when considering the possibility
that 6mers might impart more robust repression in particular cells or conditions that have yet to
be accessed experimentally. Hinting at this possibility isthe more readily detected activity of
6mers matching miR-430 during the maternal-to-zygotic transition, a developmental stage at
which the miR-430 family comprises most of the miRNA moleculesin theanimal (Giraldez et al.
2006). An dternative possibility isthat the 6mer and offset 6mer impart some function other than
repressing protein output. For example, if transient miRNA association played a widespread role
in mRNA sub-cellular localization, then many 6mer sites could be conserved without imparting
any repression. In either scenario — widespread and persistently narrow gene-expression
tolerances, or expanded miRNA function — the discovery that so many 6mers and offset 6mers
are selectively maintained sets the stage for important future insights into miRNA biology.
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M ethods

Alignments and Phylogeny

3'UTR sequences were defined as the longest 3'UTR for each human RefSeq gene (Pruitt et al.
2005), resulting in 18,577 unique UTRs for 18,577 genes. Human UTR boundaries were used to
acquire orthologous UTRs from the 28-genome vertebrate sequence alignments from the UCSC
genome browser (Karolchik et al. 2008). The average phylogeny was determined using the
branching structure provided by UCSC, and branch lengths were estimated by running DNAML
(part of the PHY LIP package (Felsenstein 1989)) on the UTR alignments. To define UTR
conservation bins, human UTRs were ranked using the median branch Iength over single bases.
Then, DNAML was run on the sequences in each UTR bin, creating phylogenies with the same
branching structure but modified branch lengths scaled for each UTR hbin.

mMiRNA Sequences

The broadly conserved miRNA set comprised all 79 families of miRBase entries (release 10.0)
with both a human and zebrafish miRNA sharing the same seed sequence (Supplemental Table
1). Additionally, weincluded 8 human miRNA families with mouse miRBase entries and a
conserved foldback in lizard, chicken, frog, or ancther fish genome, yielding atotal of 87 miRNA
families. To generate the mammalian-specific mMIRNA set, miRbase entries for human miRNAs
conserved to mouse were manually inspected for aligned sequences from most of the sequenced
mammals, perfect conservation of the seed sequence within placental mammals that had aligned
seguence, no conservation in species other than placental mammals, and good predicted folding
characteristics in most placental mammals. Seven of the remaining miRNAs whose seed matches
had strong excess conservation (> 2.0 signal-to-background ratio) in species other than placenta
mammals were also removed (reasoning that this excess conservation was likely caused by an
mMiRNA ortholog that escaped detection because of imperfect alignments or sequencing
coverage), leaving 53 mammalian-specific miRNAs (Supplemental Table 2). A list of mMiIRNAs
left out of the mammalian-specific category for various reasons is found in Supplemental Table 3.

Background Estimation

For each seed-match k-mer, possible control k-merswere first filtered to remove seed matchesto
other miRNAS, and to have the same length, number of G+C bases, and possible matches to PUF
proteins (UGU[A/G]) asthe seed match. In the case of 8mer and 7mer-A1 matches, the controls
were aso constrained to have an A in the 3'-most nucleotide. For each branch-length cutoff, the
50 control k-merswith the closest expected conservation rate to the seed-match k-mer were
selected. Expected conservation was calculated using afirst-order Markov model with
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parameters derived from the empirical dinucleotide conservation ratein 3UTRs at a particular
branch-length cutoff. In other words, control k-mers were picked to exactly match length, GC
content, and PUF binding sites, and to closely match the expected conservation rate based on the
dinuclectide content. The background estimate was the number of occurrences of the k-mer
multiplied by the average fraction of sites conserved in control k-mers at the same branch length.
Confidence intervals were calculated using the Gaussian distribution with mean equal to the
background estimate and standard deviation cal culated using the background estimates given by
individual control k-mers as opposed to the average over all 50.

Seed Match Types

For the five major seed match types (8mer, 7mer-m8, 7mer-Al, 6mer, offset 6mer), raw signal
and background val ues were cal culated without regard to whether a shorter seed match was
nested within alonger one. Then, for each miRNA and for each branch-length cutoff, the signal
for the 8mer match was subtracted from the signal of the corresponding 7mer-m8 match, and the
8mer background estimate was subtracted from the 7mer-m8 estimate. Similarly, 8mer signa
and background were subtracted from signal and background of the other seed match types,
7mer-m8 signal and background were subtracted from that of both 6mers and offset 6mers, and
7mer Al signal and background was subtracted from that of 6mers. In cases in which a particular
seed match could be considered a 7mer-m8 match to one miRNA and a 7mer A1 to another
MiRNA, it was considered only as a 7mer M8 match to avoid double-counting. Likewise, seed
matches ambiguous between 6mers and offset 6mers were considered as only 6mers.  Seed
matches with mismatches, G:U wobbles, or bulges were filtered so that they did not contain
perfect seed matches to other miRNAS.

3' Pairing

3'-pairing scores were calculated as previously (Grimson et a. 2007). For sites matching miRNA
families comprising miRNAs with different 3' sequences, the 3'-pairing score used was the
maximum score for any member of the miRNA family. The branch-length of asite at a particular
3'-pairing score was calculated for the set of species having both the seed match conserved and a
3'-pairing score at least that of the human score. Control 3'-pairing scores and conservation were
estimated by swapping every miRNA seed and 3'-end family, and recalculating 3'-pairing scores
for every combination. Background estimate and confidence intervals were calculated as before,
except that there were 86 control 3' end families for each swap instead of 50 control k-mers. For
compensatory pairing sitesin Table 1, orthologous sites were considered conserved if their 3'-


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

Downloaded from genome.cshlp.org on June 6, 2026 . Published by Cold Spring Harbor Laboratory Press

Friedman et al., page 21

pairing score was greater than 6.0, regardless of the human pairing score. Thiswas donein order
to capture well-conserved human sites that have recently extended already strong 3' pairing.

Probability of Conserved Targeting

For each human seed-match site, the conservation signal and background were calculated using
methods anal ogous to those described above. Rather than using a branch-length cutoff, we used a
branch-length window with a size set to meet a minimum of 20 occurrences of the site in human
UTRs and calculated the fraction of seed matches conserved within the branch-length window.

In the few cases with less than 20 total occurrences of the seed match, all corresponding sites
were assigned a Pct of 0. For the remaining sites, the Pcr was defined as E[(S-B)/S] where B, the
background estimate, is a constant, and Sisarandom variable. Sis defined as max{Sy¢/N, B},
where Sy is the observed signal and N is the total number of occurrences, distributed around the
observed total Noys as Poisson(Nqys). Because the background estimate is based on a mean of
many measurements, but the signal is based on a single observation, we fix the number of
conserved occurrences (Sqps) and alow the total number of occurrences (N) to vary. Thus, the
Pcr, which ranges between 0 and 1, corresponds to a Bayesian estimate of the probability that a
site conserved to a particular branch length is conserved due to miRNA targeting.
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Figure L egends

Figure 1. Method for detecting preferential conservation of miRNA sites. (A) Sites matching the
mMiRNA seed region. All four canonical sites (colored) share six contiguous Watson—Crick
matches to the miRNA seed (nucleotides 2-7); the offset 6mer contains six contiguous matches to
nucleotides 3-8. (B) Phylogenetic conservation of individual sites. Each panel representsamiR-1
8mer site conserved to abranch length of 1.0. The 3'UTR of SLC35B4 fallsinto the fourth-most
poorly conserved bin, which has a phylogeny with relatively long branch lengths (left panel),
whereasthe 3UTR of SPRED1 fallsinto the most well-conserved bin, which has a phylogeny
with shorter branch lengths (right panel). Branch segments connecting the species with sites are
colored purple, with numbers indicating the lengths of the longer segments. The lengths of the
segments connecting the species are summed to yield the branch-length score (bottom equation).
(C) Performance of controls matched for number of occurrences in human 3'UTRs, GC content,
or expected conservation as cal culated by afirst-order Markov model. For each possible RNA
7mer, conservation rates (signal) and average conservation rates for 50 control 7mers
(background) were calculated for all 3'UTRs at a branch-length cutoff of 1.0. Because most 7mer
motifs are not selectively maintained, well-performing controls should yield median signal-to-
background ratios near 1.0, with low variahility for every bin. (D) Nested site conservation.
Because the seed-matched sites are interrelated, we subtract conserved instances of extended sites
from those of shorter sites. This hypothetical siteis an 8mer match to miR-1 in ahuman 3'UTR
that is more broadly conserved as a 7mer-m8 than as an 8mer site, and as a 6mer than as a 7mer-
m8 site. Asaresult of nested subtraction, our method considers this site an 8mer at low branch-
length cutoffs, but not a6mer or 7mer. At moderate branch-length cutoffs, it switchesto a
conserved 7mer-m8 site, and at high branch-length cutoffs it switches to a conserved 6mer site,
but not a 7mer or 8mer. (E) Signal and background for the miR-1 8mer site. For each UTR bin 1
through 10, with bin 1 having the least conserved UTRs and bin 10 the most conserved, the
number of miR-1 sites conserved at the indicated branch-length cutoff is plotted with estimated
background (small plots). Resultsfor all 10 bins were then combined to represent the aggregate
signal and background for this site (large plot).

Figure 2. Conservation of major seed match types. (A) Conservation of 8mer sites for 87 broadly
conserved miRNA families. High-sensitivity and high-specificity cutoffs are highlighted with
dashed lines at 1.0 and 2.0, respectively. (B) Conservation and background estimate for mutually
exclusive site types at high sensitivity (left panel) and high specificity (right panel). The signal-
to-background ratio is indicated above pair of bars. Error bars indicate one standard deviation in
the estimated background, based on subsampling of individual control k-mers. (C) Efficacy of
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offset 6mer sites. Microarray data monitoring mRNA destabilization following transfection of 11
mMiRNAs was analyzed as described previously (Grimson et a. 2007). Shown isthe cumulative
distribution of changes for transcripts containing exactly one offset 6mer site and no other
canonical sitesin their 3UTR. For comparison, previously reported analyses of messages with
single canonical sites are also shown (Grimson et a. 2007). (D) Signal-to-background ratio for
indicated sites at increasing branch-length cutoff. Dashed lines indicate 5% lower confidence
limit (z-test). (E) Correlation of site conservation rate and experimenta efficacy. Fraction of sites
conserved above background was calculated as ([Signal — Background]/Signal) at a branch-length
cutoff of 1.0. The minimal fraction of sites conferring destabilization was determined from the
cumulative distributions (panel C), considering the maximal vertical displacement from the no-
site distribution (correcting for the bumpiness of the distributions as described previously
(Grimson et a. 2007)). (F) Estimates of signal above background for the major site types.
Dashed lines indicate 5% lower confidence limit (z-test). (G) Aggregate conservation above
background for all major site types when using using subsets of genomes. To facilitate overlay of
the plots, the X axisis signal-to-background ratio rather than branch-length cutoff. The 14-
genome subset represents the non-fish species originally available in the UCSC 17-way
alignments. The 5-genome subset contains human, mouse, rat, dog, and chicken, and the 2-

genome subset contains only human and mouse.

Figure 3. Occasional preferential conservation of imperfect sites. (A) Signal-to-background ratio
for sites with the indicated single-nucleotide mismatches and bulges. A mismatch or G:U wobble
must occur opposite miRNA seed nucleotides 2-7. A bulge in the site must occur between bases
that pair to consecutive seed nucleotides 2-7, and a site creating a bulge must involve a 7mer
match that skips one of the seed nucleotides 2-7. Results for the canonical 6mer site (Fig. 2D) are
included for comparison. Dashed linesindicate 5% lower confidence limit (z-test). (B) Weak
signal above background for a class of imperfect sites found to have a significantly positive
signal-to-background ratio. Results for the canonical 6mer site (Fig. 2F) areincluded for
comparison. Dashed linesindicate 5% lower confidence limit (z-test).

Figure 4. Conserved pairing to the 3' ends of miRNAs. (A) Preferential occurrence of pairing to
the 3' region of the miRNA, which can supplement canonical sites (diagrammed at top). Signal-
to-background ratio (top two graphs) and signal above background (bottom two graphs) are
plotted at conservation branch-length cutoffs of 1.0 (left) and 2.0 (right). 5% confidence limits
are shown as dashed lines. (B) Preferential occurrence of pairing to the 3' region of the miRNA,
which can compensate for mismatches or bulges in seed pairing (diagrammed at top). Asin panel
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A, except that seed matches were replaced as indicated with sites containing a mismatched, G:U
wobble, or bulged nuclectide.

Figure5. Conservation of sites matching mammalian-specific miRNAs. (A) Signal-to-
background ratio for sites matching 53 mammalian-specific miRNA familiesin 18 placental
mammals, otherwise asin Fig. 2D. (B) Signa above background for 8mer sites matching either
broadly conserved or mammalian-specific miRNAs in 18 placental mammals, otherwise asin Fig.
2F. Analysis of 8mer sites matching broadly conserved miRNAs considers either all sites (blue)
or excludes those sites conserved beyond placental mammals (green). (C) Signal-to-background
ratios for 8mer sites matching individual miRNAs in orthol ogous 3'UTRs of placental mammals
at optimal sensitivity (branch-length cutoff of 0.85). For the broadly conserved miRNA set,
conservation signal excludes sites conserved beyond placental mammals. Distributions expected
if mMiRNA targeting conferred no preferential conservation were estimated using the average
signal-to-background ratio of 8mer controls selected for each site, considering GC content and
dinucleotide-based conservation (dashed lines). Expectations differed between the two sets
because of different miRNA numbers and different dinucleotide compositions.

Figure 6. Correlation of Pcr with mRNA destabilization. (A) Destabilization of human
messages with exactly one 7mer-m8 3'UTR site to a transfected miRNA (Grimson et a. 2007).
Messages were grouped into six equal bins based on the site Pcr. (B) Destabilization of human
messages with exactly one 7mer-m8 3'UTR site to atransfected miRNA (Grimson et al. 2007),
considering only those sites that were not conserved in either mouse, rat, or dog.
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Table1. Conserved siteswith imperfect seed pairing and high 3'-pairing scores. Listed are

all 7mer and 8mer G:U wobble sites with 3'-pairing score > 6.0 and branch length> 1.0. Also

listed are al 7mer and 8mer mismatched sites that meet the above criteria and have human 3'-

pairing score > 7.0.

3-Pairing score  Branchlength miRNA Refseq ID GeneName  Seed type

9.0 1.85 miR-196a NM_024016 HOXB8 8mer GU wobble
7.5 12 miR-145 NM_030809 FAM130A1  8mer Mismatch

7.0 3.25 miR-365 NM_002398 MEIS1 8mer Mismatch

7.0 2.6 miR-519d NM 153020 RBM?24 8mer Mismatch

7.0 1.85 miR-153 NM_ 032521 PARDGB 7mer Mismatch

7.0 16 miR-590-5p  NM_033656 BRWD1 7mer Mismatch

7.0 135 miR-29b NM_024834 C100rf119 7mer Mismatch

7.0 1.15 miR-222 NM_002855 PVRL1 8mer Mismatch

6.5 17 miR-19b NM_017637 BNC2 8mer GU wobble
6.5 15 miR-613 NM_014903 NAV3 7mer GU wobble
6.5 1.35 miR-191 NM_134265 WSB1 7mer GU wobble
6.5 13 miR-15b NM_001039590 USP9X 7mer GU wobble
6.5 1.15 miR-145 NM_001039457 ATP6VOB 7mer GU wobble
6.0 35 miR-301a NM_022893 BCL11A 7mer GU wobble
6.0 3.45 miR-196a NM_022658 HOXC8 8mer GU wobble
6.0 3.4 miR-19a NM_016396 CTDSPL2 7mer GU wobble
6.0 2.95 miR-20a NM_015215 CAMTAl 8mer GU wobble
6.0 2.55 miR-130a NM_004721 MAP3K13 7mer GU wobble
6.0 2.15 miR-106b NM_020814 MARCH4 7mer GU wobble
6.0 2.15 miR-424 NM_001418 EIF4G2 8mer GU wobble
6.0 2.1 miR-302d NM_002024 FMR1 7mer GU wobble
6.0 18 miR-520e NM 014494 TNRC6A 7mer GU wabble
6.0 1.75 miR-190 NM 001003652 SMAD?2 8mer GU wabble
6.0 1.55 miR-424 NM_007374 SIX6 7mer GU wabble
6.0 13 miR-130a NM_012308 FBXL11 7mer GU wabble
6.0 1.25 miR-519d NM_005808 CTDSPL 8mer GU wobble
6.0 12 miR-190 NM_201572 CACNB2 8mer GU wobble
6.0 12 miR-519d NM_001012393 OPCML 7mer GU wobble
6.0 1.15 miR-15b NM_152277 UBTD2 7mer GU wobble
6.0 11 miR-129-5p  NM_020801 ARRDC3 7mer GU wobble
6.0 11 miR-33a NM_178826 TMEM16D  7mer GU wobble
6.0 1.05 miR-302c NM_015215 CAMTAl 7mer GU wobble
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