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Recently, we reported that four microRNAs show perfect
complementarity with MIR/LINE-2 elements within
human mRNAs. This finding raises the question of
whether microRNAs might also target other genomic
repeats and transposable elements. Here, we demon-
strate that almost 30 human microRNAs exhibit typical
short-seed complementarity with a specific site within
Alu elements that is highly conserved within 3’ untrans-
lated regions of human mRNAs. The results suggest that
at least some Alu elements within human mRNAs serve
as microRNA targets.

Introduction

The rules governing microRNA—-target interactions are
under study by many groups (for reviews see Refs
[1-4]). It is established that many microRNAs have short,
perfect ‘seeds’ of at least 6—8 bases (with no mismatches or
G:U matches) near the 5’ end of the microRNA that are
complementary to sequences within 3’ untranslated
regions (UTRs) [1-3]. Although not all human micro-
RNA-target interactions follow this consensus pattern
[4,5], recent studies suggest that microRNA seeds are
often at least 8 bases in length [6] and that bases 2—8 of
the 5’ seeds are optimally placed to interact directly with
targets [7,8].

Recently, we reported that four mammalian microRNAs
show perfect complementarity with the MIR/LINE-2 class
of repeat elements, which are present within a large num-
ber of human mRNAs and EST transcripts [9]. This finding
raises the question of whether microRNAs might also
target other genomic repeats and transposable elements
in 3’ UTRs. Given that Alu is the most prominent repeat,
expressed in >5% of all human 3’ UTRs [10], we asked
whether a significant number of other human microRNAs
show 5’ seed complementarity against Alu sequences.

We took all 313 human microRNAs listed in the Sanger
miRNA Registry (http:/microrna.sanger.ac.uk, Version
7.0, June 2005), obtained the 235 unique seed sequences
beginning at position 2 and having length 8, and examined
their complementarity against 3’ UTR regions of all human
mRNAs listed in RefSeq (http:/www.ncbi.nlm.nih.gov/
RefSeq/). Regions of exact complementarity (no G:U
matches), called ‘hits,” were scored according to whether
they were within annotated Alu repeats or outside known
repeats. Over three quarters of the microRNA seeds had
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<10 hits in Alu elements in the entire set of 3’ UTRs, and
almost all showed a greater number of hits in 3’ UTR
sequences outside known repeats. However, two seeds
were significant outliers (>3 standard deviations above
the mean of the distribution) and predominantly hit Alu
sequences (Figure 1). These seeds (CAAAGUGC and
AAGUGCUG) were highly overlapping and did not
contain low-complexity sequence or unusual nucleotide
composition.

As a different way of assessing whether hits in Alu
sequences are likely to be due to some general property,
such as distinctive nucleotide composition, all 235 micro-
RNA seeds were tested for complementarity to the set of
Alu sequences in 3’ UTRs subjected to scrambling 100
times (maintaining dinucleotide composition; see Supple-
mentary Material, file 1). Most seeds showed no significant
excess of hits in Alu compared with scrambled Alu. Nine
seeds showed z-scores of 5-50; it is possible that these
represent biologically relevant hits in Alu sequences, but
they have not been studied further in the present study.
Three seeds showed extremely high z-scores of 160-180:
these represented the two outlier seeds identified in
Figure 1 together with another highly overlapping seed
sequence (CAAAGUGC, AAAGUGCU and AAGUGCUG).
Thus, these microRNA seeds stand apart from all others,
according to two independent lines of evidence.

These seeds shared a common 6-mer core sequence
(AAGUGQC) that was also shared in the 5 seeds of a set
of 27 different human microRNAs (Figure 2). Furthermore,
additional sequences in the human microRNA set, extend-
ing on either side of the core sequence, also showed com-
plementarity to the Alu consensus sequence (Table 1), and
the 9-mer seeds in this set were even more significant
outliers when plotted as in Figure 1 (not shown). The 5’
seed of another human microRNA, miR-150, did not share
the 6-mer core but nevertheless overlapped with the micro-
RNAs in this set and mapped to an immediately adjacent
site along the Alu sequence (Table 1). In all, 28 microRNAs
hit a 14 nucleotide region of Alu in sense orientation
(Table 1) that is 100% conserved across the consensus
sequences for all 32 human Alu subfamilies described in
Repbase (http:/www.girinst.org/). The 6-mer core
sequence is preserved in the mouse Alu-like B1 SINE
consensus sequence (Table 1). By contrast, human 7SL
RNA and BC200, although globally similar to Alu
sequences, diverge significantly from Alu in the seed region
(not shown).

The microRNAs identified in Table 1 hit a discrete stem-
loop region of the Alu RNA at position 32—45 (Figure 3).
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Figure 1. Unique 5 seeds of human microRNAs hitting regions within 3" UTRs.
Each microRNA seed sequence (length 8, beginning at position 2) was examined
for perfect complementarity within the set of all human 3’ UTRs in RefSeq. For
each seed we scored the difference between the total number of hits in Alu versus
the total number of hits outside known repeats. Two seeds were outliers at 3.2 and
3.3 standard deviations above the mean of the overall distribution. This
corresponds to a p-value=0.0007, which after correcting for multiple tests
(n=235 seeds) gives p=0.012 (the chance of generating two or more points
greater than 3.2 standard deviations).

This region is predicted by the program mfold [11] to fold
into a structure containing a small 4-base loop (Figure 3);
however, RNA loop sizes predicted in silico in stem—loop
situations are often substantially smaller than loop sizes
ascertained experimentally [12,13], and experimental stu-
dies of Alu RNA indicate that this region actually com-
prises a 6-base unpaired loop [14]. Strikingly, the six-base
loop corresponds exactly to the site that is complementary

to the 6-mer core microRNA sequence (Figure 3). Thus,
insofar as open loops have been proposed to be a feature
of effective microRNA target regions [15], this site does
seem to be open enough to serve as a plausible biological
microRNA target.

Does having a complementary 5 seed suffice for
a microRNA to target a mRNA functionally? Growing
experimental evidence does support this hypothesis
(e.g. [16-20]). However, several groups have proposed
additional criteria for predicting which target sequences
are likely to be biologically significant. For example, the
miRanda software of John et al. [21] uses a scanning
algorithm based on sequence complementarity between
the mature miRNA and the target site, the binding energy
of the miRNA-target duplex, and evolutionary conserva-
tion of the target site sequence and target position in
aligned UTRs of homologous genes [21]. Does miRanda
predict Alu sequences as promising target sites?

We chose two well-characterized microRNAs from
Figure 2 (hsa-mir-17-5p and hsa-mir-93) and used the
online miRanda site (http://www.microrna.org) to examine
their top 20 predicted targets in each of two categories (‘all
targets’ and ‘common targets’; ‘all targets’ displays targets
according to the overall ranking score for each target hit
region and ‘common targets’ ranks targets according to the
number of hits from the same microRNA onto the same
putative target mRNA). Pooling the lists and removing
redundancy, miRanda predicted 63 targets as the most
promising and, of these, miRanda had links to the UCSC
Genome Browser for 52 target mRNAs. Simple inspection
revealed that in five of these cases, the microRNAs were
shown as hitting within sequences that were annotated as
comprising Alu sequences in sense orientation. These hits
were located at the same site as identified above (Figure 3).
We have found similar examples using miRanda with other
microRNAs as well (not shown).
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Figure 2. Multiple sequence alignment of all human microRNAs that share the 6-mer core sequence AAGUGC in their 5’ seeds.
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Table 1. Alu sequences complementary to the microRNAs shown in Figure 2a

Sequence Length MicroRNA
CAGCACUUU 9 miR-93, miR-372, miR-106b
AGCACUUUG 9 miR-17-5p, miR-20b, miR-520 g,miR-520h
CAGCACUU 8 miR-512-3p
AGCACUUU 8 miR-106a, miR-20a, miR-520a,b,c,d,e, miR-526b*
GCACUUUG 8 miR-519d
AGCACUU 7 miR-302a,b,c,d, miR-373, miR-520f
GCACUUU 7 miR-519a,b,c,e
UUGGGAG 7 miR-150
CAGCACUUUGGGAG 14-mer region on Alu consensus sequence containing hits
CAGCACUU-GGGAG Corresponding region of mouse B1-SINE consensus

?Bold indicates the central GCACUU sequence found in all the elements shown.

Three groups have recently reported that, in situations in
which microRNA regulation might be deleterious, 3’ UTRs
tend to be shorter and are specifically depleted of potential
microRNA target sequences [17-19]. Are Alu sequences
within 3’ UTRs depleted of potential microRNA target sites?
Although it has been reported that Alu elements are under-
represented in the sense orientation within protein-coding
genes overall (including 5’ UTRs, introns, coding sequences
and 3’ UTRs) [22], we found that sense and antisense Alu
elements are equally represented within the overall set of
human 3’ UTRs >1000 bases in length (1182 versus 1159),
and sense Alu elements are actually significantly over-
represented within 3 UTRs <1000 bases in length (1236
versus 811, p < 10 ' based on a binomial distribution with
2047 elements in the total set). Furthermore, 83% of all
annotated Alu elements in sense orientation included the
target region containing the 8-mer outlier seed target sites,
of which 63% expressed exact complementarity to one or
both seeds. This was not significantly different from the
proportion of antisense Alu elements that included the same
target region (81%), of which 62% expressed the sequences
corresponding to one or more of these outlier seeds.

Finally, we examined a set of 594 human microRNA
targets predicted for the microRNA group containing miR-
17, miR-20 and miR-106 by the web-based microRNA
prediction database TargetScan [23]. TargetScan, like
PicTar [24] and most other servers, removes Alu and other
repeats from consideration explicitly so that they do not
count towards the prediction score. Of 36 Alu elements in
sense orientation within the predicted set of target
mRNAs, 83% (30) contained the putative target site, of
which 80% (24) retained exact complementarity for the
8-mer outlier seeds. The total number of Alu elements, and
the ratio of sense to antisense elements, were not signifi-
cantly different from the population of all 3’ UTRs. Thus,
we do not find any indication that putative target sites
have been specifically depleted from Alu elements within 3’
UTRs that were independently predicted to be targets of
the same microRNAs described in this article.

Another possibly important factor in effective microRNA
regulation of a putative target is the presence of multiple
target regions within the same 3’ UTR [21,23-25]. Table 2
shows the number of 3’ UTRs that have one or more 8-mer
outlier seed target sites. Of 3 UTRs >1000 bases in length,

Table 2. The number of 3' UTRs that express one or both 8-mer outlier seed target sites

Number of hits per 3’ Number of 3’ Length excluding
UTR UTRs Length Msaria:3D repeats Mean = SD
0 23394 967 (1015) 840 (909)
3’ UTRs hit outside 1 1090 1,994 (1494) 1,824 (1392)
repeats o 80 2,890 (1558) 2,744 (1420)
3+ 2 4,400 (274) 4,070 (447)
0 23 427 977 (1028) 871 (945)
, S e 1 1017 1,786 (1429) 1,238 (1261)
SR HITRiaAl 109 2,684 (1402) 1,620 (1135)
3+ 13 3,645 (1972) 1,910 (1486)
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the seed target sites outside known repeats seems to be
independent of each other: 9.8% of 3' UTRs have at least one
target sequence and 8.9% of those have at least two target
sequences. However, 3’ UTRs show an excess of multiple
target sites within annotated Alu repeats: 9.0% of 3’ UTRs
have at least one target sequence within a sense Alu repeat
and 14.6% of those have at least two target sequences
(9% versus 14.6%, p < 2 x 1077, based on a binomial dis-
tribution). This probably reflects the fact that Alu repeats
tend to occur near other Alu repeats in the same orientation
[26]. A total of 267 human mRNAs in RefSeq contained
two or more target sites corresponding to the 8-mer seeds
(122 hitting multiple times on Alu elements, 79 hitting
outside repeats only and 66 mixed). These fit the diverse
profile of other predicted targets [1-3,25] and include
many transcription factors and other nucleic acid
binding proteins, in addition to many signaling proteins
(see Supplementary Material, file 2).

Concluding remarks
The bioinformatics analyses presented here provide strong
support for the hypothesis that Alu elements within 3’ UTRs
are targeted specifically by certain microRNAs. Almost 30
human microRNAs show 5 seed complementarity against a
specific site in the Alu sequence that is highly conserved.
Most algorithms used to predict microRNA targets have
explicitly excluded repeat sequences from consideration
because of the statistical problems they introduce. None-
theless, there is no biological reason why Alu or other
transposable elements within mRNAs should be regarded
as unavailable for regulation by microRNAs, and indeed
mRNAs that contain multiple Alu elements within their 3’
UTRs should be regarded as particularly promising targets.
Although Alu was originally thought to represent §unk’
having no biological functions, the presence of Alu
sequences within protein-coding genes can affect the pro-
cessing of mRNAs at multiple levels [27]. Alu insertions
contribute sequences that encode amino acids [28] and 3’
UTR polyadenylation sites [22] in addition to 3’ UTR AU-
rich elements that regulate mRNA stability [29]. Several
reports indicate that mRNAs containing Alu in their 3’
UTRs are — as a class — associated with growth and
differentiation and are subject to translational regulation
as a class during differentiation [30—34]. It is striking that
several of the microRNAs identified here as targeting Alu
elements are well-characterized and include miR-17-5p,
miR-20a, miR-20b, miR-93, miR-106a and miR-106Db,
which have been implicated in cancer [35-37]. Alu-related
translational control has not yet been studied in terms of
sense versus antisense orientation, single versus multiple
copies per transcript or presence of conserved microRNA
target hits. It is possible that microRNAs target Alu
sequences most effectively as a mechanism for clearing
aberrant mRNAs, for example transcripts containing
retained introns or with readthrough transcription into
intergenic regions, that are particularly rich in multiple

Figure 3. The predicted RNA secondary structure of the Alu consensus sequence.
The prediction was made using the Mfold server [18] (http://www.bioinfo.rpi.edu/
applications/mfold/old/rna/). The bases in bold (GCACUU) indicate the site on Alu
that is hit by the 6-mer core sequence (AAGUGC).
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Alu elements. Nevertheless, the studies reviewed here
provide biological context supporting the idea that micro-
RNAs could be targeting Alu elements physiologically
within 3’ UTRs. Further research is warranted to test
these predictions experimentally and to learn whether
other repeats embedded in 3' UTRs are also implicated
as microRNA targets.

Alu-containing transcripts are not restricted to protein-

coding mRNAs. Noncoding Alu transcripts are transcribed
by pol III, contain a poly-A region, show a high rate of
turnover and are induced during cellular stress [38]. Alu
transcription is an essential phase in the retrotransposi-
tion of Alu elements in the genome [27]. Although the
raison d’étre of microRNAs was originally thought to be
translational repression of mRNAs, a more fundamental
role could be to bind and route RNAs to processing bodies
(P-bodies) to be sequestered or degraded [39]. It is cur-
rently unknown whether noncoding RNAs can also be
routed to P-bodies, but if so, microRNAs that interact with
noncoding Alu RNA transcripts might potentially counter
retrotransposition in mammalian cells.
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