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Introduction

MicroRNAs (miRs) are small (~20 nt) non-coding RNAs 
that regulate networks of genes.1 While initially thought to be 
Caenorhabditis elegans specific, their small size merely masked 
their discovery and prevalence in higher organisms until nearly 
a decade later.2,3 MiRs are widespread in higher eukaryotes and 
similar in function to small interfering RNA (siRNAs).4 Typically 
initially expressed as a portion of a several thousand nucleotide 
miR transcript, pri-miRs are substantially processed by Drosha to 
generate a ~70 nt stem loop (pre-miR) in the nucleus.5 Pre-miRs 
are exported to the cytoplasm where DICER cleaves and dena-
tures these dsRNAs to produce the final mature single stranded 
miR6 (Fig. 1A). Partial sequence complementarity between miRs 
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and target mRNAs mediates translational repression through 
multiple mechanisms with dramatic cellular consequences, 
clearly supported by the multiple pathologies now associated with 
miR misregulations (recently reviewed by ref. 7).

Progress in deciphering miR coordination has proven excep-
tionally challenging primarily due to the ability of miRs to tar-
get mRNAs that bear only partial sequence complementarity.8 
While numerous studies have attempted to characterize the spe-
cific determinants of miR targeting, no model for target recogni-
tion has proven entirely accurate. Unraveling this phenomenon 
is particularly important not only for identifying the specific 
mRNAs a miR regulates, but also for consideration when design-
ing therapeutic inhibitory RNAs. Several studies suggest that 
the primary criterion for determining if a given siRNA or miR 
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The molecular origins of miRs and corresponding mRNA 
targets are not established, but the abundance of mobile genetic 
elements in genomes of higher eukaryotes suggests a mecha-
nism of functional miR establishment. Almost half of the 
human genome is comprised of transposons19 whereas transpos-
able elements can constitute as much as eighty percent of plant 
genomes.20 While insertion into coding regions are generally det-
rimental, intron and untranslated region (UTR) insertions are 
quite common, with ~50% of metazoan loci harboring at least 
one co-transcribed transposable element.21,22 Smalheiser and 
Torvik21 were the first to describe a potential molecular origin 
of miRs, suggesting a bias for miR loci to straddle the termini 
of two oppositely-oriented, related transposable elements (TEs) 
(Fig. 2). Now corroborated and expanded by several independent 
analyses,23-27 this research suggests that transcription across such 
mirrored-TE interfaces and subsequent RNAi processing gave 
rise to many if not the majority of functional miRs.

While TE colonization has given rise to a number of beneficial 
cellular regulatory mechanisms (e.g., RAG1/RAG2-mediated 
immunoglobulin transposition28 and murine B2 SINE repres-
sion of mRNA transcription in response to heat shock29,30), the 
principle effects of TE genome colonization have classically been 
believed to be sequence alterations at the site of integration. A 
TE-based miR origin, however, suggests another interesting (and 
perhaps particularly advantageous) role for TE domestication. 
Through processing a single TE sequence, the RNAi machinery 
can become loaded with a small RNA guide capable of target-
ing all RNAs containing that TE on the opposite strand.4 This 
implies that prior to miR establishment, a network of targets has 
already been formed. MiRs therefore “arise”, when an advanta-
geous regulatory niche has developed out of a series of random 
TE insertions. While additional implications of a TE-based miR 
origin may yet be realized, the most apparent utility is simply 
limiting miR target searches to transcripts containing a miR’s 
progenitor TE. Here, we describe our analysis of the genomic 
events responsible for the formation of all currently annotated 
miR loci. We define the TE origins of over 2,000 distinct miRs 
and then demonstrate how to use these findings to predict targets 
for miRs with characterized TE origins. We propose that limiting 
miR target searches to transcripts containing a miR’s progenitor 
mobile genetic elements can facilitate miR target identification.

Results

Fifteen percent of miR loci identified as being formed from 
TE sequences. In order to test the model that miR establish-
ment can arise from mobile DNA elements, we characterized the 
sequence relationships between all known miR loci and known 
repetitive elements. We screened the 15,176 currently recognized 
miR genomic loci against the principle datasets for TE31 and 
noncoding RNAs32 using either Censor Server33 or an in-house, 
stand-alone BLAST server. In all, we identify 2,392 TE-based 
miR origins (Table 1 and Sup. Table 1). Averaging 82.9% iden-
tity over 85.7 bps, 1,741 of these relationships were identified 
directly through sequence based alignment while the remaining 
651 annotations were based on familial inclusion (Table 2 and 

imparts message degradation or translational repression rests on 
the degree of complementarity between the small RNA and a 
mRNA.9,10

Gene regulation by small non-coding RNAs is governed 
by sequence complementarity shared with the target mRNA. 
While siRNAs require nearly perfect complementarity to bring 
about message degradation, miR target recognition and subse-
quent translational repression is commonly mediated through 
only 6 or 7 basepairs (bps).9 Typically located in the 5' miR 
sequence, the participating nts have become known as a miR 
“seed” and their reverse complement in a target mRNA as a 
“seed match”10 (Fig. 1B). The recurrent observation of perfect 
complementarity between a seed and seed match in the few 
characterized miR:target interactions is the basis for most tar-
get recognition algorithms. Following this, the principle algo-
rithms differ predominantly through the significance assigned 
to seed match conservation across species, multiple seed 
matches within a given mRNA or the degree of complementar-
ity between the remainder of a miR and proposed target.11-18

Figure 1. MiR biology. (A) MiR production. MiRs occur inter- and 
intragenically and can be transcribed by RNA Polymerase II or III (Pol-II 
or Pol-III).23 Prior to nuclear export, the “pri-miR” hairpin is excised from 
the initial transcript by Drosha. Following nuclear export, the hairpin is 
processed by Dicer to produce the ~20 nt mature miR. Image adapted 
from Bartel et al.54 (B) MiR seeds and seed matches. Cartoon depicting 
a perfect seed match between a mature miR (top) and a target mRNA 
(bottom). The miR nucleotides commonly referred to as a “seed” (base-
pairs 2 through 8) and a perfect seed match in the mRNA are shown in 
red. Vertical lines indicate basepairing.
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Figure 2. MiRs commonly occur at the intersection of related, converging TEs. (A) Cartoon depicting the theoretical origin of numerous miRs. A 
pri-miR is depicted just above an arrow indicating read through transcription from a positive strand LINE1 (L1) element into an adjacent negative 
strand L1. This relationship suggests a likely series of events leading to the creation of a potential miR hairpin in which an L1 is inserted immediately 
adjacent to a related L1 on the opposite strand creating the convergent or “tail to tail” organization illustrated. Next, transcriptional read through 
would result in an imperfect RNA hairpin being produced potentially recognized and processed by the RNAi machinery with each stem correspond-
ing to the terminal nucleotides of the contributing LINEs. (B) Examples of human miR loci alignments to the RepBase dataset. Importantly, all pre-miRs 
significantly aligning with a Censor Server repetitive element annotation have been reported irrespective of agreement with the scenario portrayed 
in (A)—while we find numerous loci arising by this mechanism, we find others (like miR-640) do not. Entirely contained within an THER1 SINE, we pro-
pose an additional mechanism (point mutation(s) resulting in an alteration of normal SINE secondary structure gave rise to pre-miR-640). All repetitive 
elements (grey rectangles) occurring within 500 bp (5' and 3') have been included in the scale diagrams for uniformity. The RepBase repetitive element 
annotations found in these diagrams are described immediately beneath each locus as “Element 1, Element 2, etc.,” as they occur 5' to 3'. “Base Posi-
tions” refers to the basepairs occupied by a miR hairpin (in the current Ensembl assembly). All loci have been diagrammed with respect to the Watson 
strand and the orientation of internal elements indicated by position above (5' to 3') or below (3' to 5') the center line. Element basepair positions are 
in respect to distance (±) from the 1st nucleotide of the pre-miR (as occurring on the Watson strand). *previously described origin.21,23 Figures adapted 
from references 21 and 23.

Sup. Table 2). Our alignment analysis clearly demonstrates the 
majority of TE-based miR origins occurred via the mechanism 
depicted in Figure 2, and we conclude this represents the most 
common scenario for de novo miR locus formation. Therefore, 
our results are in agreement with several previous but more lim-
ited analyses,23-27 suggesting that transcription across such mir-
rored-TE interfaces and subsequent RNAi processing gave rise 
to many miRs.

Transposable element origins. Transposable elements are gen-
erally classified as either transposons or retrotransposons, based 
on their mechanism of propagation. Transposons synthesize 

a DNA copy of themselves, while retrotransposons generate a 
RNA intermediate that is then reverse-transcribed into DNA 
and integrated into the genome. Transposable elements fall into 
three principle categories: DNA transposons, long terminal 
repeat (LTR) retrotransposons and non-LTR retrotransposons 
(recently reviewed in refs. 34–36). DNA transposons are flanked 
by inverted repeats and typically contain two or more open read-
ing frames (ORFs) corresponding to the proteins required for 
making copies of their sequences and distributing them through 
the genome (reviewed in ref. 36). We find DNA transposons con-
stitute the transposable element most frequently responsible for 



www.landesbioscience.com Mobile Genetic Elements 11

origin—when miR-284 was initially formed in a common 
ancestral species. Therefore, all members of the miR-284 
family were annotated as arising from the Mariner-35 DNA 
transposon.

Taxon-specific miR expansions. Highly indicative of a trans-
posable element origin, we identified several instances of robust 
taxon, even species-specific, expansions of individual miR fami-
lies. Genomic analysis indicates 72 distinct miR-430 genomic 
loci [57 in the zebrafish (Danio rerio) and 15 in the Japanese 
killifish (Oryzias latipes)] were each formed from satellites. We 
readily identified the genomic elements responsible for the ini-
tial formation of this miR family as a fish-specific satellite repeat 
with individual hairpins aligning to the consensus sequence with 
as much as 100% identity over 71 bp. Similarly, our sequenced 
based alignments suggest that miR-1302 in horse and primate 
species were formed from MER53. Eleven, eight, five and six 
miR-1302 loci are characterized in the human, chimp (Pan trog-
lodytes), orangutan (Pongo pygmaeus) and horse (Equus caballus) 
genomes respectively, accounting for 30 distinct miR-1302 hair-
pins. While the mature miR-1302 hairpins are nearly identical, 
the specific identification of miR-1302 hairpins in both equine 
and primate genomes argues against a common ancestral ori-
gin. Indeed, we find that while both sets of miR-1302 hairpins 
were formed from MER53 repeats, their genomic context argues 
against a common ancestry and instead suggests convergent evo-
lution (data not shown).

Sequence analysis of the miR-466, miR-467 and miR-669 
families further reveals taxon specific expansions. To date, 33 
miR-466 genomic loci have been identified: one in human, one 
in chicken (Gallus gallus), four in rat (Rattus norvegicus) and 27 
in mouse (Mus musculus). In addition, 17 highly-related miR-467 
loci have also been described exclusively in the mouse genome. 
We find these 50 miR loci each arose from CR1 non-LTR ret-
rotransposons sequences. Similarly expanded specifically in the 
mouse genome, 31 miR-669 loci have thus far been described, 30 
in the mouse and one in cow (Bos taurus) all being formed from 
EnSpm DNA transposons.

Plant genomes also show evidence of a TE mediated prolif-
eration of miR families. Stowaway elements in Oryza sativa and 
Sorghum bicolor correlate with multiple miR families. In all, 25 
miR-437 hairpins formed from Stowaway elements have been 
identified with 22 encoded in the Sorghum bicolor genome and 
three others, each found in distinct plant species. Additionally, 
our results show Oryza sativa (rice) specific miR-441, -809, -812, 
-814, -818, -819 and -1,862 families, comprising 45 genomic loci, 
were each likely formed from Stowaway transposons. In legumes, 
81 Medicago truncatula-specific miR hairpins corresponding to 
13 miR families align with MuDR elements, connecting their 
origin with MuDR transposition events.

Our analyses describe several additional taxon-specific miR 
families of note: (1) 64 miR-548 loci identified in three primate 
genomes: 40 in humans, 18 in chimp, and six in the Rhesus mon-
key (Macca mulatta) each arose from MADE1 elements. (2) Alu 
and SVA elements formed the 162 primate specific miR hairpins 
comprising the miR-515 family. (3) 24 miR-2284 genomic loci 
unique to the cow genome were formed from an OOREP1-like 

miR loci formation identifying 891 origins from characterized 
DNA transposons and an additional 137 loci being formed from 
related DNA satellite repeat elements. While distinct in composi-
tion and mechanism from DNA transposons, LTR retrotranspo-
sons more closely resemble retroviral genomes. They are flanked 
by 250 to 600 bp direct repeats called long terminal repeats 
(LTRs) and contain ORFs for proteins related to viral Gag and 
Pol.35 Based on sequence based alignment and familial inclusion, 
we identify 414 LTR retrotransposon:miR relationships. Finally, 
similar to LTR retrotransposons containing portions of Gag and 
Pol-like sequences,34 we find non-LTR retrotransposons are col-
lectively responsible for the formation of 814 miR loci. While 
several distinct categories of non-LTR retrotransposons have 
been identified, we find two of these groups most frequently 
responsible for miR locus formation, long interspersed repeated 
elements (LINEs), forming 312 distinct miR loci, and a second 
type of non-autonomous element that utilizes proteins encoded 
by LINEs for their own propagation: short interspersed repeated 
elements (SINEs) which we find responsible for the formation of 
353 additional miR loci (Table 1).

Familial inclusions. Approximately 25% of our miR locus 
annotations were determined through familial inclusion. 
Following sequence based annotation, all miRs were separated 
into familial clusters based on standard miRBase nomenclature.37 
All members of a family were said to have arisen from a com-
mon TE in the event that: (1) multiple members of a miR fam-
ily were identified as being related to the same TE and (2) no 
other member sequences were identified as being more closely 
related to a different TE. In all, we describe shared TE-based 
genomic origins for 1,345 miRs, 48.4% (651) of which were not 
initially identified through sequence based alignment, defining 
45 distinct miR families ranging from 3 to 97 member sequences 
(Table 2).

Figure 3 details the familial inclusions of 8 unique miR-
284 hairpins. Thus far, the genomes of 12 distinct Drosophila 
species have been found to each contain a single, conserved 
miR-284 hairpin. Due to the particularly rigid stringency of 
our sequence based alignment criterion, initial computational 
analyses identified only 4 of the miR-284 hairpins as arising 
from a specific mariner DNA transposon (Mariner-35) (each 
bearing >75% sequence identity to over 50 nts). However, the 
high degree of hairpin and flanking sequence conservation 
(Fig. 3) suggests that all 12 miR hairpins share a common 

Table 1. Summary of MiR loci progenitor transposable elements

Repeat type
Sequence based 

alignment
Familial 

inclusion
Total # 
of MiRs

DNA Transposon 839 52 891

LTR Retrotransposon 329 85 414

Non-LTR Retrotransposon 409 405 814

-LINE 158 154 312

-SINE 278 75 353

Satellite 70 67 137

Other 94 42 136

Total 1741 651 2392
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Table 2. Summary of familial inclusions

miR family Generating TE MiR:TE hits Total # of MiRs # of species % ID

miR-7 L21B 6 97 57 6.2

miR-16 RF00026 U6 3 44 25 6.8

miR-28 L2 16 17 17 94.1

miR-151 L2 Plat1o 10 11 11 90.9

miR-162 Copia 2 19 14 10.5

miR-222 trna-ThrGGT 2 22 18 9.1

miR-246 L1 2 4 3 50.0

miR-284 Mariner-35 HM 4 12 12 33.3

miR-301 LINE1-21 ZM 5 31 18 16.1

miR-302 THER1 SINE 3 47 12 6.4

miR-329 hATm 28 2 15 9 13.3

miR-340 MARNA 10 11 11 90.9

miR-342 MamSINE1 9 10 10 90.0

miR-345 MIR3 3 10 10 30.0

miR-376 CER15 I LTR Retrotransposon 5 37 10 13.5

miR-421 MIR2 8 10 10 80.0

miR-430 SAT LM 57 86 2 66.3

miR-439 MuDR4 OS 9 10 1 90.0

miR-450 Ginger1 6 2 25 10 8.0

miR-478 GYPSY21 LTR 16 19 1 84.2

miR-493 L2B 4 9 8 44.4

miR-501 GYPSO I Gypsy 3 7 7 42.9

miR-558 MLT1C 3 4 4 75.0

miR-598 CACTA LP 6 7 7 85.7

miR-601 LTR96 MD 3 4 4 75.0

miR-653 Copia42 3 9 9 33.3

miR-669 EnSpm-4 29 31 2 93.5

miR-670 piggyBac 2 3 6 6 50.0

miR-703 RF00100 7SK 2 3 3 66.7

miR-708 L2 Plat1r 9 10 10 90.0

miR-720 HERVS71 3 4 4 75.0

miR-754 DNA 3 6 DNA transposon 2 6 1 33.3

miR-845 Copia10 2 9 3 22.2

miR-935 MERMITE18C 4 5 5 80.0

miR-1224 LTR9 OG ERV3 2 8 8 25.0

miR-1227 NonLTR 5 CR Retrotransposon 2 4 4 50.0

miR-1289 MER5A 5 6 4 83.3

miR-1510 Helitron-2 Mad 2 6 3 33.3

miR-1861 RTE 8 BF 2 14 1 14.3

miR-2118 LX LINE 2 27 4 7.4

miR-2284 OOREP1 3 24 1 12.5

miR-2592 DGI SP 2 19 1 10.5

miR-3118 L1PA13 5 3 6 1 50.0

MiR family, refers to all miRs of the same numerical designation included in the miRBase miR registry.37 Generating TE, transposable element sequence 
from which the initial miR family hairpin(s) were formed. All annotations refer to RepBase31 identifiers except for “RF00026 U6” and “RF00100 7SK” 
which refer to RFAM.32,55 MiR:TE Hits, refers to the number of family member sequences aligning to the generating TE by sequence based alignment. 
Total # of MiRs, refers to the total number of distinct miRs within a family. # of Species, refers to the number of distinct species genomes encoding a 
member of the indicated miR family. % ID, refers to the percentage of family member sequences aligning to the generating TE by sequence based 
alignment.
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genomic origins in the context of TE sequence comparisons. 
Strikingly, we identify TE-based origins for nearly 1/6 of the 
15,176 currently recognized miR genomic loci. Undoubtedly, 
additional bioinformatic analyses will expand the current reper-
toire of miR-repetitive element relationships for several reasons. 
(1) Principally, not all miRs have been identified, and miR dis-
coveries are biased towards evolutionarily older, conserved and 
non-repetitive miRs.8 For example, several large scale sequencing 
efforts aimed at identifying the full repertoire of human miRs 
missed sequences with alignment to repetitive elements.41,42 
Additionally, a background pool of ~20 nt tRNA “degrada-
tion” products complicates identification by cloning. Even so, 
the tRNA source of SINEs39 and connections with miR origins 
described here, warrants a re-evaluation of these small RNAs 
as active miRs.41,42 (2) Not all consensus repetitive elements are 
described and RepBase is continually updated, so Censor Server 
annotations are limited to the set of reported TEs.31,33 Greater 
than 1,000 miR loci familial inclusion-based annotations were 
removed from this study due to an inability to conclusively 
determine their common TE progenitor, likely indicating their 
absence in the current RepBase dataset. (3) Finally, genomes are 
dynamic and sequences with no associated benefit eventually 
degenerate. Therefore, if a stable miR locus and regulation of 
host genes containing targeted TE components were to arise, 
then the associated benefit of the regulatory network might well 
be retained across evolutionary time long after the elements from 
which they arose had been lost from the host genome. Given 
the documented role of miRs as regulators in both abiotic stress 
and nutrient deprivation, we postulate that the enigmatic ori-
gins of some of the more ancient, conserved miR loci might 
be explained via TE derivation. Under such a model, selective 
pressure to maintain only the components essential to transcrip-
tional regulation, target recognition and hairpin structure could 
account for a decay of nonessential components resulting in the 
identification of TE-derived miRs and miR regulatory networks 
becoming more difficult to ascertain.

In contrast, we find the genomic origins of recently estab-
lished miR-loci readily definable, and we also describe numerous 

element. And finally, (4) similarly species-specific, we find 
the 19 Populus trichocarpa miR-478 hairpins were formed from 
Gypsy element genomic insertions. Taken together, our align-
ments using genomic sequences from phylogenetically distinct 
eukaryotes strongly support the model that expansions of indi-
vidual miR families within a genome correlate with unique 
genome TE compositions.

Non-transposable element origins. While ~95% of our 
sequence based annotations identified known transposable ele-
ment progenitors, we also identified 136 miRs bearing signifi-
cant sequence identity to known noncoding RNA sequences 
(e.g., snoRNAs, scaRNAs, tRNAs) (Sup. Table 1) indicated as 
“other” in Table 1. As each of the aligning noncoding RNAs 
are transcribed from RNA polymerase III (Pol III) promot-
ers,23,31 the majority of these relationships most likely indicate 
origins from uncharacterized SINE elements as all SINEs are 
derived from Pol III transcribed noncoding RNA genes (e.g., 
tRNAs).38-40

MiR target prediction. Having identified the repetitive ele-
ments responsible for the initial formation of over 2,000 miRs, 
we tested the utility of our dataset in facilitating target prediction. 
For this, we selected human miR-28 which we identified as being 
initially formed by LINE1 sequences to predict targets based on 
a common miR-and-target origin. As we strictly required miR 
target sites to contain both perfect seed matches and at least 50% 
identity between sequences flanking a mature miR and sequences 
flanking a predicted target site, the resulting target predictions 
are far from saturated. However, although these results must still 
be experimentally verified in subsequent studies, as miR locus 
and proposed miR target site sequences have each apparently 
been specifically maintained (Fig. 4), we conclude these likely 
represent functional interactions.

Discussion

Our objective was to test the model that functional miRs arose 
in part from mobile element insertion events using genomic 
database analysis. Our report comprehensively examines miR 

Figure 3. MiR-284 familial alignment. Alignment of the 12 miR-284 hairpins. Individual hairpin sequences along with species (right) and miRBase 
identifier (left) are shown. *indicates 100% nucleotide conservation. Grey highlight indicates specific miR hairpins annotated as bearing significant 
sequence complementarity to Mermite-35.

(continued)Table 2. Summary of familial inclusions

miR-3267 BM1 SINE 2 3 1 66.7

miR-3629 DNA8-6 Mad 2 3 1 66.7

Average 6.2 17.1 8.1 48.4
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commonly utilize tRNAs as primers for the initiation of transpo-
sition.35 Models describing the origins of tRNA-derived SINEs 
from the genomic insertion of these intermediates have been 
previously described in references 38–40. Conceivably, point 
mutations in the tRNAs involved in these processes could lead 
to the formation of stable hairpin structures, which if processed 
by the host RNAi defense machinery would allow the regulation 
of progenitor moieties as well as any additional host transcripts 
previously subject to their translocation. In either scenario, trans-
poson mediated interactions may establish a mechanism whereby 
TE-derived miRs could integrate into and “experiment” with 
existing primitive gene networks. Stress-induced expression pat-
terns of TEs are well documented with examples of their physio-
logical induction in plants and animals.46-49 Given these data, we 
propose that the miR-based system of regulation may have arisen 
via selective subfunctionalization created by the associated ben-
efit of regulating host genes containing portions of TEs (Fig. 5). 
Now identified in algal and protozoan genomes, miR regulatory 
networks predate the origins of multicellularity, and may have 
facilitated the evolution of complex developmental networks. A 
possible driver for the subfunctionalization may have been physi-
ological stress resulting in the propagation of TEs that aided in 
the initial establishment of these regulatory networks.

Finally, there is currently no clear strategy for accurate 
miR target prediction. The recurrent observation of perfect 

examples of taxon-specific miR expansions coupled to taxon-
specific, actively mobilizing TE repertoires. For instance, the 
miR-466 and -467 families initially formed from a mouse-spe-
cific CR1 non-LTR retrotransposon account for 50 of the 672 
currently annotated mouse miR loci. Similarly, 70 of the 1,048 
currently annotated human miR genomic loci were formed from 
primate-specific Alu repeats. As Alu repeats have formed numer-
ous human miR loci,19,23 and mobilize regulatory elements, it 
is tempting to speculate that the ongoing primate-specific Alu 
expansion does not represent a failure of the RNAi machinery to 
constrain Alu transposition, but instead a fortuitous genetic sym-
biosis in which insertion of Alu elements into noncoding regions 
of transcripts has resulted in slight perturbations of gene expres-
sion ultimately giving way to an enhanced adaptation rate for the 
human genome.

Importantly, we stress that the results presented here do not 
argue against other known mechanisms that generate miR loci. 
Previous reports have indicated some miR loci being derived 
from regional duplications and/or processed antisense pseudo-
gene transcripts.44,45 In addition, while we find many miR loci 
were initially formed by the chance integrations of transposable 
elements (TEs) into positions immediately adjacent to related 
TEs on the opposing strand (Fig. 2A and B), we find several 
loci apparently formed de novo from internal SINE sequences 
(Fig. 2B). Importantly, families of viruses and retrotransposons 

Figure 4. MiR-28 alignments with predicted targets. Alignments between three predicted miR-28 target 3'UTRs (top), a consensus L2 LINE (middle) 
and the miR-28 genomic sequence reverse complemented (bottom) are illustrated. Mature miR-28 is highlighted in grey. Open boxes indicate perfect 
seed matches. To qualify as a 3'UTR “hit”, alignments were required to (1) contain a perfect seed match, (2) match ≥50% of the flanking sequence used 
in the target query and (3) occur within a 3'UTR sequence annotated as an L2 sequence by Censor Server. Vertical lines indicate base identity with the 
L2 consensus sequence. Dotted lines indicate purine/pyrimidine conservation. LYPD3, “LY6/PLAUR domain containing 3”; E2F6, “E2F transcription fac-
tor 6”; CXCL9, “chemokine (C-X-C motif) ligand 9”.
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requiring that a miR target site occur in a TE related to those 
from which a miR was initially formed represents a logical and 
(more importantly) simplifying addition to current informatic 
strategies (Fig. 4).

Materials and Methods

Retrieving miR and human 3'UTR sequences. Single FASTA 
files containing the full sets of miR mature and stem loop 
sequences (from all species) were downloaded from the miR 
Registry housed at Sanger37 (http://www.mirbase.org/). Flanking 
genomic sequences were obtained for miRs corresponding to 
genomes currently available in Ensembl52 by altering the nucle-
otide positions provided by RFAM as required then extracting 
the full sequences using the Biomart utility53 (www.ensembl.org/
biomart/martview). The full set of ENSEMBL human 3'UTR 
sequences were also compiled in and retrieved using the Biomart 
mining utility.

Screening miR loci for repetitive elements. Importantly, all 
alignment analyses and annotations were identically run in paral-
lel by two independent research teams then merged for verifica-
tion. FASTA files containing all miR stem loops in isolation and 

complementarity between a seed and seed match (Fig. 1B) in 
the few characterized miR:target interactions has resulted in 
algorithms that base target searches on identification of perfect 
seed matches after which programs differ predominantly through 
the significance assigned to multiple seed matches within a given 
mRNA, the degree of complementarity between the remainder of 
a miR and proposed target, and seed match conservation across 
species.11-18 Our work strongly suggests that seed match conser-
vation may hinder target recognition because of ongoing TE 
propagations after miR-locus formation, as well as the prevalence 
of taxon-specific miR expansions. In all probability, a uniform 
description of miR target interaction has not yet been identified 
because there is no uniform description of miR target interac-
tion, which is due to various contributing factors such as GU 
base-pairing, nucleotide editing, local secondary structure/target 
accessibility, position effects due to nucleotide composition and 
RNA-binding protein availability.8 This work, however, corrobo-
rated by several previous reports in references 23–27, describes a 
molecular origin for many miRs that may help circumvent many 
of the difficulties in accurate target prediction.8 Since active TEs 
are present in multiple copies across the genome33 and because 
miRs target sequences through complementary basepairing, 

Figure 5. Molecular events responsible for miR establishment. MiRs “arise” when an advantageous regulatory niche has developed out of a series of 
random TE insertions after which the fortuitous formation of a TE juxtaposition (shown, Fig. 2) and subsequent processing by RISC can lead to miR 
establishment if the resulting small RNAs confer some regulatory advantage in order to be selected for (e.g., improved cell tolerance to apoptotic 
stimulus due to delayed response accompanying translational repression). Numbers indicate the sequential steps necessary for miR establishment. 
Thick lines indicate genomic DNA and thin lines denote RNA.
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identified: the entire miR stem loop, the stem loop plus 100 nt 
5' and 100 nt 3', the mature miR plus 20 nt 5', the mature plus 
20 3' nt, the mature plus 10 nt 5' and the mature plus 10 nt 3'. 
Each of these sequences (all containing both a mature miR and 
some amount of flanking sequence) were screened against the full 
set of human 3' UTRs currently available in Ensembl (>18,000 
sequences) using BLASTN 2.2.15 with -FF, -r2, -S2, -W7 flags. 
Putative target “hits” were required to (1) contain a perfect miR 
seed match (2) bear >50% identity to flanking sequences and 
(3) be located within 3'UTR sequences annotated as a particu-
lar miR’s progenitor TE by the Genetic Information Research 
Institute online censor utility.33
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with 500 nt of flanking sequence both 5' and 3' (when available) 
were analyzed using the Genetic Information Research Institute 
online censor utility, “Censor Server”33 (http://www.girinst.org/
censor/index.php). All loci were also aligned against the full “all 
species” set of RepBase31 annotated repetitive elements, the publi-
cally available RFAM collection32 (www.sanger.ac.uk/Software/
Rfam), and the tRNAscan-SE database56 created by Todd Lowe 
at lowelab.cse.ucsc.edu/GtRNAdb using an in-house, stand-
alone BLAST (BLASTN 2.2.15 with -FF, -r2, -W7, -e.1 flags). 
Significant alignments were strictly defined as ≥80% identity to 
at least 40 nt or ≥70% identity to at least 50 nt of an individual 
pre-miR. The highest p-scored alignment for each miR hairpin 
(averaging 82.9% identity over 85.7 nts) was utilized to define 
miR origins. Following sequence based annotation all miRs were 
separated into familial clusters based on miRBase nomencla-
ture.37 Common familial origin was defined as: (1) having the 
same TE produce the highest p-scored alignment to multiple 
members of a miR family and (2) no other family members pro-
ducing significant alignments to a different TE.

MiR target prediction. Six distinct sequences were assembled 
for each human miR locus whose progenitor TE(s) had been 
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