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Introduction

MicroRNAs (miRs) are short (approximately 20 nucleotide) 
noncoding RNAs (ncRNAs) involved in the regulation of gene 
expression.1 Functioning much like small interfering RNAs (siR-
NAs), miRs bind to complimentary messenger RNA (mRNA) 
resulting in the repression of translation.2,3 MiRs are initially 
transcribed in the nucleus as portions of larger precursor mol-
ecules called pri-miRs. These initial transcripts are processed 
by Drosha to generate ~70 nucleotide stem loops (pre-miRs) 
that are exported into the cytosol where Dicer ultimately trims 
these dsRNA pre-miRs into functional single stranded miRs.2,4 
Following this, complementary sequence association between 
a miR and mRNA target leads to inhibited translation of the 
mRNA molecule.2

To date, our principal obstacle to deciphering miR function 
has proven to be our inability to accurately predict miR asso-
ciation with target mRNAs. This is principally the result of the 
capacity of miRs to associate with mRNAs bearing imperfect 
sequence complementarities.5 Although accurately determining 
which mRNAs a miR targets has been an extremely active area of 
research, no universal model of target prediction has been widely 
adopted. Unlike siRNAs which associate with targets through 
perfect complementarity, miR association requires as little as 
seven complementary nucleotides.6 Usually located at the 5′ end 
of a miR, these seven complementary nucleotides are known as 
“seeds” and their complement in target mRNAs are known as 
“seed matches.”7 This complementarity between seeds and seed 
matches is the core requirement for the majority of currently 
utilized miR target prediction algorithms after which programs 
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MicroRNAs (miRs) are small noncoding RNAs that typically act as regulators of gene expression by base pairing with 
the 3′ UTR of messenger RNAs (mRNAs) and either repressing their translation or initiating degradation. As of this writ-
ing over 24,500 distinct miRs have been identified, but the functions of the vast majority of these remain undescribed. 
This paper represents a summary of our in depth analysis of the genomic origins of miR loci, detailing the formation of 
1,213 of the 7,321 recently identified miRs and thereby bringing the total number of miR loci with defined molecular 
origin to 3,605. Interestingly, our analyses also identify evidence for a second, novel mechanism of miR locus generation 
through describing the formation of 273 miR loci from mutations to other forms of noncoding RNAs. Importantly, several 
independent investigations of the genomic origins of miR loci have now supported the hypothesis that miR hairpins are 
formed by the adjacent genomic insertion of two complementary transposable elements (TEs) into opposing strands. 
While our results agree that subsequent transcription over such TE interfaces leads to the formation of the majority of 
functional miR loci, we now also find evidence suggesting that a subset of miR loci were actually formed by an alternative 
mechanism—point mutations in other structurally complex, noncoding RNAs (e.g., tRNAs and snoRNAs).
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largely differ in how much they weight target sequence conserva-
tion across species and how they score additional complementar-
ity between the mRNA and the remainder of the miR.8-15

While the genomic origins for the majority of miRs and their 
mRNA target sites remain undescribed, a relationship between 
miRs and TEs has long been suggested and the random nature 
of TE colonization has caused several groups to adopt a simi-
lar mechanism for the establishment of functional miRs.16-20 As 
approximately half of the human genome is composed of TEs21 
and as much as 80% of plant genomes18 are comprised of TE 
sequences, widespread TE colonization is a hallmark of the 
genomes of higher, more complex organisms. Although long 
thought to be detrimental to genomic integrity (as TE insertions 
into coding sequences are usually detrimental), strikingly over 
50% of metazoan transcripts bear at least some amount of TE 
sequence (typically in their 3′ or 5′UTRs).22,23 Smalheiser and 
Torvik,20 however, were the first to describe a genomic origin 
for miR loci describing a novel advantage associated with TE 
genomic colonization: the formation of miRs from the adjacent 
insertions of two related TEs (Fig. 1). Now confirmed in sev-
eral subsequent analyses,16-20,25-27 their model indicates that tran-
scription across neighboring TE insertions on opposite strands, 
followed by DICER processing and RISC incorporation, was ini-
tially responsible for the formation of the majority of functional 
miR loci. In addition, a transposable element-based miR origin 
suggests an additionally advantageous role for continued genome 

Figure 1. Formation of miRs typically occurs when two complementary TEs inserted into opposing 
strands are then subsequently transcribed. (A) Cartoon representation illustrating the proposed ori-
gin of many miRs. A miR hairpin is depicted just above an arrow indicating read through transcription 
from a positive strand transposable element (TE) into an adjacent negative strand TE. Transcriptional 
read through would result in an imperfect RNA hairpin being produced which could potentially 
be recognized and processed by the RNAi machinery with each stem corresponding to the termi-
nal nucleotides of the contributing TEs. (B) Pan troglodytes miR-95 alignment to the RepBase data 
set. All repetitive elements taken from RepBase (indicated by open rectangles) occurring within 200 
bp (5′ and 3′) have been included in the scale diagram. The repetitive element annotations23 are 
described immediately beneath the diagram as “Element 1, Element 2, etc…” as they occur 5′ to 3′. 
“Base Positions” refers to base pair location in the genome occupied by the miR hairpin (according 
to the current Ensembl assembly; www.ensembl.org). All loci have been shown with respect to the 
positive strand and the orientation of internal repetitive elements illustrated by their relative position 
above (5′ to 3′) or below (3′ to 5′) the center line. Repetitive element base pair positions are relative to 
the distance (±) from the first nucleotide of the pre-miR (as occurring on the positive strand). Figure 
directly adapted from reference 24.

colonization—the miRs formed by 
this mechanism would likely be able to 
repress any mRNAs bearing sequences 
obtained from that miR’s progenitor 
TE.2 This suggests that a network of 
target mRNAs bearing a common TE 
is likely formed prior to the creation of 
the miR locus that ultimately regulates 
it (Fig. 2). While there are several addi-
tional implications of miRs originating 
from TE sequences (e.g., determin-
ing transcriptional regulation16), our 
recently developed miR target predic-
tion algorithm (OrbId: Origin-based 
identification of microRNA targets19) 
suggests that a particularly advanta-
geous utility for this information is 
the refinement of target prediction 
through restricting putative targets to 
mRNAs which contain the TE giving 
rise to a particular miR. Therefore, in 
light of our having previously defined 
the genomic events behind the forma-
tion of over 2,300 distinct miRs24 and 
having successfully developed a novel 
miR target prediction algorithm utiliz-
ing this information to accurately pre-
dict mRNAs targeted by miRs clearly 
formed from TE sequences,19 this report 
now details our continuing analysis of 

this topic - a comprehensive update examining the over 7,000 
novel miRs described since our initial study.28 To our surprise, in 
addition to characterizing over 1,000 new miR molecular origins 
from TEs, we also find evidence suggesting that a subset of miRs 
actually arose from a distinct, previously undescribed mechanism 
- RNA structural alteration resulting from point mutations to 
noncoding RNAs such as tRNAs and snoRNAs. In contrast to 
miRs formed from TEs (which likely target mRNAs bearing their 
progenitor TE sequences), it is tempting to speculate that instead 
of regulating mRNA expression like the majority of characterized 
miRs, this novel subset of noncoding RNA-derived miRs may 
actually be charged with regulating the activity of their progeni-
tor noncoding RNAs.

Results

To determine if any of the 7,321 miRs identified since the com-
pletion of our initial analysis24 were formed from TE sequences, 
we screened these miR loci against all known repetitive ele-
ments22,29 and noncoding RNAs30 using an established BLAST-
based strategy.31 Through these analyses, we were able to define 
the molecular events responsible for 1,213 miR origins. In agree-
ment with previous studies,17,18,20,24-27 our results indicate that the 
predominant mechanism for miR formation from TE sequences 
occurred via the model illustrated in Figure 1. Encouragingly, 
we find the results of our current analysis of 7,321 miRs to be 
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strikingly similar to our previous analysis of over 15,000 distinct 
miR loci. In our initial analysis of 15,176 miRs, we were able 
to successfully define the molecular origins of 2,392 (or 15.8%) 
of miR genomic loci with defining alignments averaging 82.9% 
identity over 85.7 bps.24 Similarly, in this analysis we were able to 
characterize the molecular origins of 1,213 of 7,321 (or 16.6%) 
miR genomic loci with defining alignments averaging 82.4% 
identity over 57.0 bps (Table S1).

Transposable element origins
There are three distinct categories of TEs: DNA transposons, 

LTR (long-terminal repeat) retrotransposons, and non-LTR ret-
rotransposons.32-34 DNA transposons are generally flanked by 
simple inverted repeats and consist of at least two genes encoding 
the proteins necessary for making and inserting DNA copies of 
itself elsewhere in the genome.34 In agreement with our earlier 
findings, DNA transposons were responsible for the formation 
of the largest number of definable miR loci in our analysis (517 
origins) with related satellite DNA repeats being responsible 
for the formation of nine additional miR loci. The next largest 

number of definable miR loci in our analysis corresponded to 
miRs formed from non-LTR retrotransposons which contain 
genes encoding gag and pol-like ORFs.33 In all, we were able to 
identify 307 distinct miR loci arising from non-LTR retrotrans-
poson sequences with 187 of these corresponding to long inter-
spersed repeats (LINEs) and 120 to short interspersed repeated 
elements (SINEs) (Table  1). Following this, we find a signifi-
cant portion of miR loci defined in our analysis corresponded 
to related LTR retrotransposons which also encode gag and pol-
like ORFs but are additionally characterized by being flanked by 
~400 bp highly structured long-terminal repeats (or LTRs).32 In 
all, our current analyses were able to identify 236 distinct miR 
loci formed from LTR retrotransposon sequences.

Familial inclusions
In addition to sequence-based alignment, ~4.7% of the 

origins described in this study were defined by familial inclu-
sion and placed into 13 distinct miR families as previously 
described.24 In brief, miRs were grouped into common families 
using accepted miRBase28 nomenclature following sequence 

Figure 2. Cartoon illustration of the genomic events believed to be responsible for the formation of many miRs. Origin of numerous miRs occurs when 
random TE insertions gives rise to a beneficial regulatory adaptation within the organism. Subsequent transcription of this TE interface by RNA poly-
merase followed by RISC processing can lead to miR establishment if the resulting small RNA confers some advantage in gene expression.
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based annotation. Following this, a common molecular origin 
was assigned to all of the miRs within a given family if both 
of the following criteria were met: 1) at least two of the miRs 
within a family were described as arising from the same TE and 
2) at least 75% of the members with origins defined through 
sequence-based alignment were identified as being formed from 
the same TE. Utilizing this strategy we were able to addition-
ally define 4.7% (57) of the 1,213 miR origins described in this 
report (Table  S2). Figure 3 illustrates the utility of familial 
inclusion by demonstrating how the origins of six unique miR-
444 loci were obtained utilizing this strategy. As our initial crite-
ria for sequence based alignment are particularly stringent, only 
two miR-444 hairpins in our analysis were initially defined as 
arising from a common Gypsy repeat (each bearing over 80% 
identity to 40 base pairs of the hairpin). Figure 3 however illus-
trates the striking degree of sequence conservation between the 8 
members of the miR-444 family strongly suggesting they share 
a common molecular origin—the initial formation of miR-444 
in an ancestral species.

Taxon-specific miR expansions
We identified a total of 344 miR loci that likely arose from 

transposable elements in taxon-specific expansions.
Primates
In all we found several taxa-specific but no species-specific 

expansions during this analysis with all taxonomic expansions 
involving at least three different primate species. Analysis of taxo-
nomic expansions in primate groups revealed expansions in the 
miR-1260, miR-1273, miR-151, miR-3154, miR-378, miR-4536, 
miR-548, miR-6127, and miR-6130 families. These include a total 
of 45 human (Homo sapiens), 10 Western gorilla (Gorilla gorilla), 
10 Bornean orangutan (Pongo pygmaeus), 8 common chimpanzee 
(Pan troglodytes), and 6 crab-eating macaque (Macaca fascicularis) 
loci defined (Table S1). The expansion of Mariner/Tc1 derived 
miR-548 in primates was the largest expansion identified in all of 
the animal kingdom with a total of 47 loci.

Fish
We identified two species-specific taxonomic expansions, one 

in Danio rerio (zebrafish) and one in Oryzias latipes (Japanese 

Table 1. Summary of miR loci transposable element origins

Repeat type Sequence based alignment Familial inclusion Total MiRs 2013 Total MiRs 2011 Total # of MiRs

DNA transposon 467 50 517 891 1408

LTR retrotransposon 235 1 236 414 650

Non-LTR retrotransposon 305 2 307 814 1121

-LINE 186 1 187 461 648

-SINE 119 1 120 353 473

Noncoding RNAs 128 0 128 61 189

tRNAs 33 0 33 51 84

Satellites 6 3 9 137 146

Other 39 1 40 24 64

Total 1156 57 1213 2392 3605

Repeat Type, RepBase classification.22 Sequence Based Alignment, total number of unique miR origins identified through alignment to a consensus trans-
posable element. Familial Inclusion, total number of unique miR origins determined through familial inclusion. Total MiRs 2013, total origins determined 
through both sequence based alignment and familial inclusion in the current study. Total MiRs 2011, total origins determined through both sequence 
based alignment and familial inclusion in our initial analysis.24 Total # of MiRs, total origins determined through both sequence based alignment and 
familial inclusion in both the current analysis and 2011 study. Others, miRs significantly aligning to characterized RNA structural elements (e.g., IRES ele-
ments) contained within the RFAM data set.35,36

Figure 3. Alignment of microRNA-444 family. Alignment of the eight miR-444 hairpins is illustrated. Each individual hairpin sequence is shown with the 
associated species on the right and the miRBase28 identifier on the left. In all, six unique miR-444 hairpin origins were characterized by familial inclu-
sion. *, indicates 100% conservation of the nucleotide. Grey shading indicates specific miR hairpins initially identified as bearing significant sequence 
complementarity to Gypsy repeats through sequence based alignment.
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killifish). Our analyses identify 12 distinct miR-812 loci in the 
Japanese killifish genome arising from a variety of sources. The 
three distinct miR-2190 in the zebrafish, however, were found 
to have arisen from Atlantys-2-I-OS Gypsy Oryza elements 
(Table S1).

Mice/Rat
A total of five taxonomic expansions were found in the mouse/

rat grouping, with a total of 42 distinct hits. Our sequenced base 
alignments for the mouse (Mus musculus) show that the nine 
miR-467 loci were formed from TSEEEEBEII Mariner/Tc 1 ele-
ments, and the ten miR-669 loci was formed from CR1-18-HM 
CR1 Hydra elements. Four possible origins for MIR-466 were 
also uncovered for Mus musculus and two for the rat Ratticus nor-
vicus (Table S1).

Plants
Our analysis was able to define 201 loci across 31 distinct miR 

families in plant genomes. The largest taxonomic expansion iden-
tified in plants was for miR-156. There were 19 definitions across 
13 species. The miR-5565 and miR-5568 families were popu-
lated solely by Sorghum bicolor. Thirteen definitions were found 
across these two families, with nine definitions corresponding 
to Helitron-N11-SBi Helitron Sorghum elements and four cor-
responding to STOWAWAY22-SB DNA elements. Twenty-nine 
definitions for Medicago truncatula were found across six miR 
families (miR-5298, miR-5291, miR-5272, miR-5741, miR-
2592, and miR-2590). ShaMUDRAV2-MT MuDR Medicago, 
RF00028; Intron-gpI; AY098639.1/6-303, and MtPH-M-I-Ia 
Harbinger Medicago elements were common origins across these 
families (Table S1).

Other
Four loci from the miR-2284 family in the bull (Bos taurus) 

genome were identified and three loci from the miR-3015 family 
in the pea aphid (Acrthosiphon pisum) genome apparently arising 
from DNA3-4-AP DNA elements (Table S1).

Non-transposable element origins
Although ~87% of our annotations identified through 

sequence-alignment based strategies clearly indicated that TE 
genomic insertions led to the formation of these miRs, we also 
identified 161 miRs of the 7,321 miRs in this analysis with strik-
ing sequence similarity to known noncoding RNA sequences 
(Table S1; Table 1). In light of this we, we also elected to revisit 
our initial analysis of miR genomic origins24 resulting in the iden-
tification of an additional 112 miR::noncoding RNA relation-
ships which had been previously overlooked. In all, we have now 
identified 273 potential, non-transposable element, sequence-
based origins for miRs from various forms of noncoding RNAs 
with 60 miRs likely arising from snoRNAs, 16 from scaRNAs, 
41 from rRNAs, 84 from tRNAs, 11 from snRNAs, 38 from 
various ribozymes and 23 from other forms of noncoding RNAs 
including antisense RNAs, long noncoding RNAs, tmRNAs 
and sRNAs (Fig. 4; Table 1). RNA structural analyses37 suggest 
these miR loci may have been formed through mutations that 
created substrates which could be processed by DICER (Fig. 5; 
Fig. S1). Whether the function of these miRs is 3′UTR mRNA 
binding to regulate protein translation or instead the modulation 
of complex secondary structures remains to be determined. In 

either event these findings suggest an entirely novel mechanism 
for microRNA locus generation.

MicroRNA target prediction
As we have now described the TEs responsible for forming 

over 3,300 distinct microRNA genomic loci24 and have previously 
demonstrated the utility of this information in predicting human 
miR targets,19 we next examined origin-based target prediction 
in additional species. To achieve this, we selected Gallus gallus 
(chicken) miR-6672 (which we found was originally formed 
from CR1 sequences) and Sus scrufa (pig) miR-4331(which we 
found was originally formed from PRE1 sequences) to predict 
mRNA targets utilizing our OrBId methodology which 
requires a shared origin common to both a miR and its target.19 
Importantly, this strategy requires the sites targeted by a particu-
lar miR to contain a complete miR seed match and at least 50% 
of sequence identity between sequences immediately flanking 
a mature miR (in the pre-miR) and the sequences immediately 
flanking a putative mRNA target site. Examples of alignments 
between each miR, progenitor TEs and putative targets are illus-
trated in Figure  6. While these results will ultimately require 
experimental validation, as the miR locus and proposed target 
sites were apparently formed from a common ancestral genomic 
element, we suggest the targets illustrated in Figure  6 likely 
depict functional interactions.

Discussion

The primary objective of this work was to define the molecu-
lar origins of the 7,321 additional miR genomic loci identified 
since completing our initial analysis.24,28 In all, we were able to 
successfully define the molecular origins of 1,213 newly charac-
terized miR genomic loci (bringing the total number of defined 
miR genomic origins to 3,605) and also demonstrate the util-
ity of this information in predicting miR targets across species 
(Fig.  6). Importantly, we find our results largely in agreement 
with the growing body of evidence indicating that the majority 

Figure  4. Depiction of various noncoding RNAs where distinct muta-
tions resulted in microRNA formation. The distribution of 273 noncoding 
RNA miR alignments indicating non-transposable element origins iden-
tified in our analyses are depicted. In all, 60 corresponded to snoRNAs, 
16 to scaRNAs, 41 to rRNAs, 84 to tRNAs, 11 to snRNAs, 38 to various ribo-
zymes and 23 to other forms of noncoding RNAs such as antisense RNAs, 
long noncoding RNAs, tmRNAs, and sRNAs.
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of functional miRs were created by mobile element transposi-
tion events17,18,20,24-27 and suggest that future informatic analyses 
will continue to characterize additional miR-TE relationships as 
miR discovery remains ongoing (as evidenced by the 7,321 miR 
characterized in the two years since our initial analysis24,28). In 
addition, using our current computational methodology, we con-
sistently find we are able to characterize the genomic origins of 
~15% of miR loci. That said, we suggest this represents a marked 
underestimate of the percentage of miR loci formed from TEs as: 
1) the high degree of stringency we required for our alignments 
resulted in our discarding thousands of likely origins likely repre-
senting miRs whose nonessential sequences have simply degener-
ated more than younger miR loci having been formed earlier in 
evolutionary time, and 2) our ability to identify transposable ele-
ments will also improve as the RepBase22,23,29 data set is updated 
with novel TEs.

Excitingly, in addition to characterizing the origins of over 
1,000 new miR loci from transposable element sequences, we 
have now also identified 273 miRs likely formed from noncoding 
RNA mutations. Interestingly, despite apparently having arisen 
through entirely distinct mechanisms, a preliminary analysis of 
the genomic distributions of, and available chromatin interactome 
data on,38 these miRs find no significant differences between 
noncoding RNA-derived miRs, TE-derived miRs or miR distri-
butions as a whole. We speculate that point mutations to noncod-
ing RNA secondary structures resulted in the formation of stable 
hairpins suitable for processing by the RNAi machinery. Indeed, 
mfold37 RNA structural analyses support this hypothesis as we 
find single point mutations to noncoding RNAs (e.g., tRNAs) 
can result in conformational changes that create substrates 
potentially processed by DICER (Fig. 5; Fig. S1). Unlike miRs 
formed from TE sequences, however, we see no clear rationale 

Figure 5. Formation of a miR through tRNA mutation. (A) Structural diagram illustrating the potential effects of a single point mutation to tRNA sec-
ondary structure. The most thermodynamically stable conformations of two tRNA sequences are shown. The two sequences resulting in the distinct 
structural conformations are identical except that the uracil at position 50 in the endogenous tRNA shown on the left has been replaced by a cytosine at 
position 50 on the right. Secondary structures and thermodynamic stabilities were computed using Mfold.37 (B) Caenorhabditis elegans miR-4937 align-
ment to the RFAM data set. All repetitive elements and noncoding RNAs (open rectangles) occurring within 500 bp (5′ and 3′) have been included in the 
scale diagram as depicted in Figure 1B. While we find numerous loci arising by the mechanism depicted in Figure 1A, we find others (like miR-4937) do 
not. Significantly aligning to a C. elegans tRNA (tRNAArgTCG), we propose an additional mechanism (point mutation(s) resulting in an alteration of normal 
tRNA secondary structure gave rise to pre-miR-4937.
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for assuming miRs formed from noncoding RNAs would target 
mRNAs for translational repression. Whereas miRs formed from 
TEs would clearly be expected to target any mRNAs bearing their 
progenitor TE in their UTRs (Fig. 2), the distinct molecular ori-
gin for miRs formed from noncoding RNAs does not provide 
a mechanism for the establishment of a mRNA target network 
concurrent with miR creation. Strikingly, however, we find miRs 
identified as likely arising from noncoding RNA mutation often 
differ from their suggested progenitor noncoding RNAs by only 
a few nucleotides (Fig. 7) suggesting their sequences are under 

considerable evolutionary constraint. Due to this and the lack of 
a rationale for mRNA targeting, we find it tempting to specu-
late that these miRs may be charged with regulating the RNAs 
involved with maintaining basic cellular metabolism that these 
miRs do share sequence complementarity with their progenitor 
noncoding RNAs. Importantly, several groups have recently, 
independently reported finding short RNAs excised from vari-
ous noncoding RNAs associated with Ago proteins in assembled 
RISC complexes (e.g., snoRNAs,39,40 snRNAs,40 vault RNAs41 
and tRNAs40,42). Whether these short RNAs correspond to miR 

Figure 7. Noncoding RNA miR origins. Alignments showing the high degree of sequence conservation between select miRs (top) and progenitor non-
coding RNA (bottom) sequences. miR-1839, cgr-mir-1839 mi0020426; scaRNA, RF00426 SCARNA15 ABDC01642996.1/97-188; miR-6173, hbr-MIR6173 
mi0021483; rRNA, RF01959 SSU rRNA AF166114.1/117516-116014; miR-1903, cgr-mir-1903 mi0020435; tRNA, RF00005 tRNA AAHX01000286.1/15293-
15364; miR-1291, ggo-mir-1291 mi0020755; snoRNA, RF00410 SNORA2 CEC01039678.1/1523-1387; miR-3473b, mmu-mir-3473b mi0016997; U4, RF00015 
U4 AAHX01028334.1/65497-65654.

Figure 6. Alignments of miRs with predicted targets. Illustration shows a predicted miR target 3′UTRs on top, a consensus transposable element in the 
middle, and the corresponding miR sequence on the bottom. Mature miRs are highlighted in gray. Open boxes indicate perfect seed matches. To qualify 
as a 3′UTR match 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 aligning to a miR’s progenitor TE sequence. Vertical lines indicate base identity with the TE consensus sequence. Dotted 
lines indicate purine/pyrimidine conservation. PAH, Gallus gallus phenylalanine-4-hydroxylase ENSGALG00000012754. PTGIR, Sus scrufa prostaglandin 
I2 (prostacyclin) receptor ENSSSCG00000026602. RC, reverse complemented



e27755-8	 Mobile Genetic Elements	 Volume 3 

precursors formed through mutation as we have suggested in this 
work, or if instead some percentage of noncoding RNAs are at 
times processed by the RNAi machinery to participate in nor-
mal cellular regulation will ultimately require further examina-
tion. That said, RISC complexes carrying these noncoding RNA 
pieces likely target sequences through the same means as those 
bearing their traditional miR counterparts—through sequence 
complementarity. If so, we suggest simple association of these ~20 
nt RNAs with their ~100 nt corresponding progenitor full-length 
noncoding RNAs would likely function by rendering the targeted 
ncRNAs inactive through disruption of their essential structural 
motifs similar to several characterized riboswitches (reviewed in 
refs. 43-45). However, whether the function of these miRs is to 
regulate protein translation through mRNA 3′UTR binding or 
instead noncoding regulation through conformational modula-
tion due to miR association will for now remain undetermined. 
In either event, the relationships between these miRs and related 
noncoding RNAs identified in this work suggest a second, pre-
viously undescribed mechanism potentially responsible for miR 
locus formation.

Materials and Methods

MiR and 3′UTR sequence retrieval
FASTA files containing complete sets of mature and stem 

loop miR sequences were obtained from miRBase28 (http://
www.mirbase.org/). Full sets of ENSEMBL 3′UTR sequences 
and miR loci flanking genomic sequences were obtained using 
the Biomart utility46 (www.ensembl.org/biomart/martview).

Screening miR loci for repetitive origins
As a control, all annotations and alignment analyses were 

run identically in parallel by two distinct individuals and then 
compared for verification. FASTA files containing individual 
miR stem loops as well as miRs with 500 nucleotides of flanking 
sequence both upstream and downstream (when available) were 
aligned against the full RepBase22 annotated repetitive elements 
data set, the RFAM noncoding RNA collection35 (www.sanger.

ac.uk/Software/Rfam), and tRNAscan-SE47 (lowelab.cse.ucsc.
edu/GtRNAdb) using stand-alone BLAST31 (BLASTN 2.2.15 
with -FF, -W7, -e.1 flags). Alignments recognized as positive 
relationships were strictly defined as ≥ 80% identity to at least 
40 nt or ≥ 70% identity to at least 50 nt of a miR hairpin. The 
highest scoring alignment for each pre-miR (averaging 82.4% 
identity over 57.0 nts) was taken to correspond to initial miR ori-
gins. Upon completion of sequence based origin characterization, 
miRs were sorted into familial clusters using miRBase nomencla-
ture.28 Common familial origins were defined if: 1) the same TE 
scored the best alignment to multiple miR family members and 
2) at least 75% of all family members produced significant align-
ments to the best scoring TE.

MiR target prediction
MiR hairpin sequences were screened against the correspond-

ing set of 3′ UTRs currently available in Ensembl Biomart46 for 
that species using BLASTN31 2.2.15 with -FF,, -S2, -W7 flags. 
Putative targets were required to 1) contain perfect miR seed 
matches, 2) contain ≥ 50% identity to at least 50 base pairs of 
flanking sequences, and 3) be contained within 3′UTR sequences 
annotated as being the same TE as the miR’s progenitor TE by 
RepBase.29

RNA structural conformation modeling
Secondary structures and thermodynamic stabilities were 

computed using Mfold.37 The most thermodynamically stable 
conformation of individual miRNA sequences were determined 
when unaltered as well as with single nucleotide changes at posi-
tions differing from identified progenitors.
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