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i. Summary. 

In this chapter, we review evidence that at least 3 different types of microRNA-mRNA 

target interactions exist in mammals:  short-seeds, long-seeds, and “perfect” hits 

(allowing G:U matches).  Since new types of microRNAs are still being discovered, this 

list may not yet be complete. 
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1. Introduction 

The phenomena of RNA interference were first defined in plants and C. elegans, 

and have subsequently been studied in all living phyla including mammals (1).  Among 

several different populations of small RNAs that have been identified, the microRNAs 

have perhaps received the most attention because they arise from well-defined genomic 

precursors, because they appear to regulate mRNA stability and/or translation, and 

because they are clearly important for development and cell differentiation (see reviews 

in refs. 2-4).   

 

     Over the past few years, a growing number of biologically validated mRNA targets 

have been identified for specific microRNAs.  In plants, many of the mRNA targets 

appear to encode transcription factors; the microRNA often shows perfect or near-perfect 

“long seed” complementarity with its target, and microRNAs bind within the protein 

coding region as well as in untranscribed regions (5, 6).  In C. elegans and Drosophila, 

the situation appears to be quite different: the 5’-end of the microRNA generally exhibits 

a short, perfect “seed” of 6-8 nucleotides in length, excluding G:U matches, which 

appears to be targeted to the 3’-UTR of the mRNA (2-4).   

 

A number of studies have used biologically validated mRNA targets in C. elegans 

and Drosophila as a training set for machine learning algorithms, to predict additional 

mRNA targets that follow the same rules in a variety of species, including mammals (7-

15).  Most of these studies focused attention on 3’-UTR regions that are well conserved 

across species, in order to minimize the chance of false-positive predictions.  Indeed, 
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based on these rules, each microRNA appears to have ~10-100 plausible mRNA targets. 

Studies of microRNA-mRNA binding have confirmed the importance of short-seeds 

having a 5’-end location within certain microRNAs (16).   

 

     However, it does not appear that all mammalian microRNAs interact with their targets 

via short-seeds.  Xie et al. (17) identified a large number of 8-mer motifs within 3’-UTRs 

that were conserved across multiple mammalian species, which correspond to short-seed 

mRNA target regions.  Only about half of currently identified mammalian microRNAs 

mapped to one of these motifs, suggesting that the remaining microRNAs may obey 

different types of binding interactions with their targets.   

 

     In a recent study, we asked if mammalian microRNAs may exhibit long-seed 

complementarity interactions with their mRNA targets (18).  Although no biologically 

validated mammalian microRNA-mRNA pairs were known at the time, we took the 

statistical approach of looking at the entire set of potential binding interactions among all 

known microRNAs and all mRNAs in the human RefSeq database.  To define the level of 

binding interactions that would be expected by chance, each microRNA sequence was 

scrambled 10 times [either scrambled by random permutation or by maintaining the 

dinucleotide composition; both methods gave similar results] and each of the scrambled 

microRNAs was tested.  Our underlying assumption is that scrambled sequences will hit 

mRNA at random and define the “noise” level in any given situation, whereas microRNA 

sequences will hit the same number of “noise” interactions plus any true targets.  
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2. Methods 

     2.1.  Retrieving the microRNA and RefSeq mRNA sequences. 

     The set of mature miRNA sequences are available in FASTA format in a plain text file 

from The miRNA Registry (http://www.sanger.ac.uk/Software/Rfam/mirna/). This file contains 

all miRNA sequences from all species, where the human ones are identified by lines 

starting with ">hsa". The most recent set of human mRNA sequences in the NCBI 

RefSeq database (http://www.ncbi.nlm.nih.gov/RefSeq/) can be retrieved by submitting 

the query "srcdb_refseq[prop] AND biomol_mrna[prop] AND homo sapiens[orgn]" to 

Entrez Nucleotide (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=Nucleotide) 

database, and saving the results to a local file. The RefSeq database is updated quite 

often, so one is not likely to retrieve the same set of records for the same query performed 

twice e.g. a month apart. Some records are deleted, some are temporarily removed while 

being annotated, and some are replaced by newer versions (even though the actual 

sequence may not be changed). However, the status of any given record can be found by 

searching on the GI or accession numbers. 

 

     2.2. Preprocessing. 

     Many miRNA sequences are similar (some even differ only in 1 or 2 nucleotides), a 

fact that could potentially affect the statistics in this study. To remove redundant 

miRNAs, we compared all miRNA sequences pairwise, removing the shorter miRNA 

from consideration if they overlapped with 10 or more nucleotides. Since we only count 

exact hits of length 10 or more, no hits on the same mRNA at the same location will be 

counted more than once.  
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     To create a population of “negative control” sequences to represent what is expected 

by chance, we created 10 scrambled versions of each miRNA sequence, by randomly 

permuting its nucleotides. This maintains the base composition but not the order. 

Alternatively, we also scrambled the sequences while preserving the dinucleotide 

composition by first splitting each miRNA sequence into chunks of two nucleotides 

analogous to a reading frame: once starting with the first nucleotide and once starting 

with the second nucleotide. We then permuted these chunks in creating a second set of 

scrambled miRNA sequences. 

 

     Note that RefSeq mRNA sequences use Ts whereas the miRNA Registry files use Us. 

The regular expression $sequence =~ s/T/U/g substitutes each occurrence of a T with a 

U, which is necessary to be able to match the two sequences (fig. 1).  

 

     2.3. Aligning miRNAs with mRNA sequences. 

     Because the standard BLAST server at NCBI is unable to find imperfect alignments of 

the nature studied here (potentially with large gaps and multiple mismatches per matched 

nucleotide) (19), we wrote a Perl script to perform a custom gapped BLAST alignment. 

The procedure comprises two main steps: 

 

     2.3.1.  Identifying exact hits. 

      Since we are looking for sequence complementarity (where miRNAs bind to 

mRNAs), each miRNA sequence (and their scrambled counterparts) are first reversed and 
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them complemented (i.e., A->U, C->G, U->A, G->C). Complementation can be 

accomplished with the regular expression $sequence =~ tr/ACUG/UGAC/g.  For each 

pair of miRNA and mRNA sequences, take all subsequences of the miRNA in decreasing 

length starting with the entire sequence and going down to 10 nucleotides. Search for this 

subsequence within the mRNA sequence (see Perl code in fig. 1). If an exact match is 

found, then the hit site on the mRNA is replaced with Xs so that only the longest hit by 

the miRNA at this site will be counted. The hits are then recorded in a “hit file” 

identifying the two sequences, the length of the hit, and the location on each of the two 

sequences.  

 

     Often several different RefSeq records represent close variants of the same mRNA.  

To prevent this redundancy effect from inflating the statistics on exact hits, we only count 

the longest mRNA and do not count hits upon other mRNAs whose sequences matched 

exactly on the 25 nucleotides on each side of the hit. This will remove hits that have long 

stretches of exactly the same sequences, while preserving the hits that only share the hit 

region and not the flanks. We also remove hits having low complexity sequences by 

using the regular expression $sequence =~ s/((.+)\2{4,})/’N’ x length $1/eg  (Lincoln 

Stein, Bioperl: Repetitive DNA, http://bioperl.org/pipermail/bioperl-l/1999-

November/003313.html). 

 

     2.3.2. Extending the exact hits. 

     Given an exact hit of 10 or more nucleotides, with no gaps, mismatches or G:U 

matches, the seed region is extended in both directions to find the optimal alignment 

allowing for large gaps and multiple mismatches. This is achieved by penalizing gaps at 
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only a fraction of the reward of a match, and making the mismatch penalty a fraction of 

the reward of a match. Note that the BLAST programs from NCBI tends to not pick up 

good alignments in this scenario, probably due to the method of calculating significance 

(i.e., "Expect Values"). We allow a ratio of up to 4:1 between mismatches and matches, 

and allow a four nucleotide gap between matches, while allowing a longer gap as long as 

multiple matches are obtained as a result. This is achieved with the parameters: Match 

reward, r = 10, mismatch penalty, q = - 2.5, Open gap penalty G = 8, Extend gap penalty 

E = 0.5.  

 

     Given a pair of sequences x and y of lengths m and n, respectively, let xi, yj denote 

their i-th and j-th nucleotide, respectively. Then, the alignment score is calculated as 

follows: 

 

Start by assigning Score(i,j) = 0 for all (i,j) where i or j = 0. Then, for i = 1,…, m and j = 

1, …, n compute the score using the following equation:   

 

Score i j

Score i j r q Match x y q

Score k j G E i k k i

Score i k G E j k k j

i j

( , ) max

( , ) ( ) ( , )

( , ) ( ), ,...,

( , ) ( ), ,...,

=
− − + − × −

− − × − = −
− − × − = −









1 1

0 1

0 1

 

 

The greatest score is then given by Score(m,n). If the actual alignment is to be found one 

needs to keep track of the path from (0,0) to (m,n) in the Score array as well. 

 

     For each record identified in the hit file, a sequence alignment is performed between 
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the right flank of the miRNA vs the right flank of the mRNA using the recursive equation 

above, ensuring that the first nucleotides are either gap or mismatch scored. Then, the 

same procedure is performed on the left flanks, after which the total score is tallied and 

recorded in a file. When allowing for G:U matches, nucleotide C in the microRNA 

reverse-complement sequence is replaced by C OR U, and nucleotide A is replaced by A 

OR G (fig. 1) indicating that multiple combinations should receive a match reward. 

 

3. An analysis of long-seed interactions between mammalian microRNAs and their 

targets.  

As shown in fig. 2, a large number of long-seed complementary interactions 

existed between microRNA sequences and mRNA sequences having 10 or more exact 

matches (excluding G:U matches), which differed significantly from the level expected 

by chance. Strikingly, at longer and longer seed lengths, the difference between the 

microRNA set and the scrambled set became more and more pronounced:  at a seed 

length of 16 or greater, there were 3.5 times more examples of potential target 

interactions in the microRNA set than in the scrambled set, and at a seed length of 17 or 

greater, the ratio was over 7 to 1 (fig. 2).   

 

This finding suggested that some true microRNA-mRNA target interactions may 

involve long-seeds. To further define a list of candidate mRNA targets with high 

confidence, we analyzed further the set of interactions having 10 or more matches in a 

row (the “10+ set”) to see if they would also exhibit other statistically significant 

differences at the population level.  Indeed, we defined a gapped BLAST score for 
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microRNA-mRNA interactions taking into account gaps, mismatches and G:U matches, 

and found that the gapped BLAST scores in the 10+ set were significantly better overall 

than expected by chance (fig. 3).  Furthermore, for those mRNAs that received multiple 

“hits” from different microRNAs within the 10+ set, we examined the minimum distance 

between hits.  Again, there was a striking difference between the minimum distance seen 

in the microRNA population vs. the population of scrambled sequences (fig 4).   

 

By combining these three criteria (seed length, gapped BLAST score, and 

minimum distance between hits) we created a list of 71 candidate mRNA targets which 

were unlikely to be chosen by chance – with a discrimination ratio of 5.2 to 1, which 

means that over 80% of the targets on the list are expected to be biologically valid 

targets. The 71 mRNAs had a larger number of microRNA hits per kilobase of target 

sequence than did the scrambled sequences. As well, individual microRNAs hit multiple 

(up to 17) distinct members of the candidate set, which again happened significantly 

more often than by chance (fig. 5). These findings indicate that the outlier mRNAs are 

different as a whole from the mRNAs that were hit by scrambled counterparts, even those 

that satisfied the same cut-off criteria. 

 

Our candidate target list contained very similar types of targets as predicted by the 

short-seed computational studies, including members of the same gene families: 

Transcription factors (including homeobox genes), nucleic acid-binding proteins and  

many other functional categories including kinases, receptors and other signal 

transduction proteins, membrane and cytokeletal proteins, and effectors of differentiation.  
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Also, our study was in concordance with other studies showing that some individual 

microRNAs may hit multiple mRNA targets residing in the same metabolic pathway 

(18).  However, surprisingly, we found that the long-seed candidate mRNA target list had 

no preference at all for microRNA hits to be located within 3'-untranslated regions, but 

hit within the protein coding region in ~2/3 of cases. As well, the best microRNA hits 

upon candidate mRNA targets did not have relatively better target complementarity near 

their 5'-end.  These considerations suggest that short-seed and long-seed target 

interactions both exist in mammals, and that they may follow different rules. 

 

4. “Perfect” target interactions (allowing G:U matches). 

A few examples of microRNAs exhibiting perfect complementarity have been 

described (miR-196 (20), miR-127 and miR-136 (21, 22)).  During our analysis of long-

seed interactions we were struck by the existence of targets that had perfect 

complementarity to microRNAs along their full length (ref. 18, fig. 2), and we wondered 

whether they could be representatives of a larger, distinct class of targets.  

 

Whereas long-seeds are defined as having exact Watson-Crick base pairing with 

no G:U matches, recent suggest that complementarity interactions that contain up to, say, 

5-7 G:U matches (but no frank mismatches) could still be deemed “perfect” in gene 

silencing (23).  In particular, we noted that human miR-95 was perfectly complementary 

(including up to 4 G:U matches) with scores of human mRNAs and ESTs (fig. 6).  

Similarly, miR-151* was perfectly complementary to 6 transcripts, which was 

significantly above the level expected by chance.   
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The reason for these perfect hits turned out to be simple and intriguing: The 

precursors of these two microRNAs, as well as two others (miR-28 and miR-325), turned 

out to derive entirely from genomic repeats (24).  In particular, the hairpin foldbacks 

were formed by the junction of two adjacent LINE-2 repeat segments apposed in opposite 

orientation (fig. 7).  Insofar as MIR repeats and other LINE-2 derived elements are 

present in the 3’-UTR of many different mRNAs and EST transcripts, when in the proper 

orientation they are natural generic targets for the repeat derived microRNAs – in some 

cases having perfect complementarity, and in other cases (since there is divergence 

among LINE-2 elements) imperfect complementarity (24).   

 

5. Discussion 

 

Computer and genomic analyses of mammalian microRNA-mRNA target 

interactions suggest that at least three distinctly different types of interactions exist:  

short-seeds, long-seeds and “perfect” hits (allowing G:U matches).  By their nature, one 

would expect that short-seed interactions are likely to have weak effects, to inhibit 

protein translation, and to affect large numbers of genes in parallel, whereas long-seed 

interactions might be expected to have stronger effects and involve fewer targets.  The 

LINE-2 repeat derived microRNAs appear to recognize transcripts that share repeats in 

their 3’-UTR regions, and when they bind with perfect or near-perfect complementarity, 

they may be expected to lead to degradation of the transcripts. This could serve as a 

mechanism for detecting and neutralizing aberrant transcripts (having readthrough 
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transcription from retained introns or neighboring genomic regions) as well as serving to 

regulate specific mRNAs (24). 

 

     It should be cautioned that complementarity between microRNAs and their targets is 

not the only factor that may govern which microRNA-mRNA target interactions are 

effective in vivo.  One must consider the potential importance of mRNA target secondary 

structure (25) as well as the strong possibility that RNA-binding proteins may participate 

in microRNA recognition (26).  As well, both microRNA and mRNA need to be co-

expressed in proper amounts within the same cell for effective interaction to occur, and 

A-to-I editing of RNA might abrogate potential mRNA targets from being effectively 

silenced by the RISC complex (27).   

 

Finally, it is likely that new types of microRNA-mRNA target interactions still 

remain to be uncovered.   A number of viruses have been shown to encode microRNA 

precursors (28-31) that are not conserved in their host genomes or across different 

viruses, and their targets have not been fully defined.  As well, a population of small 

RNAs that shares some, but not all, of the features of microRNAs has been described in 

C. elegans (32); these so-called tncRNAs are not conserved across species, and their 

targets (if any) have not been identified yet.  Therefore, new types of target interactions, 

and indeed new types of small RNAs, may be identified in mammalian species within the 

near future.  
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Figure Legends 

 

1. Perl script to match a subsequence of a miRNA with a mRNA. See Methods for 

details.  

 

2.  microRNAs and their scrambled counterparts interact differently with the 

population of human mRNAs. Shown are all exact hits ≥ 10 bases long (not counting 

G:U matches) produced on human RefSeq mRNAs by the set of nonredundant 

microRNAs, vs. the average of 10 replications of scrambled control sequences. Shown is 

the number of hits as a function of exact hit length. Only the longest hit was counted: 

e.g., for a hit of length 18, the two subsets of length 17 in the same hit position were not 

counted.  Figures 2-5 are reproduced from BMC Bioinformatics 5, 139. 

 

3. Distribution of gapped BLAST scores in hits made by microRNAs and scrambled 

counterparts. Without permitting G:U matches in the extension phase, the microRNAs 

had better average gapped BLAST scores than scrambled counterparts across all mRNAs 

in the "10+ set" (153.00 ± 0.03 vs. 150.98 ± 0.01, mean ± s.e.m., p < 0.0001). With 

permitting G:U matches in the extension phase, the microRNA set showed significantly 

fewer G:U matches overall relative to scrambled counterparts, even when holding 

constant the length of the exact hit (2.891 ± 0.004 vs. 2.939 ± 0.001, p < 0.0001). 

 

4. Number of distinct mRNA sequences which received hits from two or more 

distinct microRNAs, as a function of the minimum distance between hits. Distance of 
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0 or 1 was excluded because this might be produced by partial overlap of microRNA 

sequences. 

 

5.  Individual microRNAs hit multiple targets on the candidate list, more often than 

expected by chance. 

 

6. Multiple sequence alignment of mRNAs and ESTs that exhibited perfect 

complementarity to miR-95. miR-95 hit perfectly (including two-to-four G:U matches) 

on three mRNAs and 94 ESTs comprising 31 distinct clusters (Unigene clusters or 

singletons when not belonging to a Unigene cluster). Multiple sequence alignment 

performed using ClustalW (http://www.ebi.ac.uk/clustalw) shows that these putative 

targets are not related to each other except in the microRNA hit region and in nearby 

LINE-2 homologous sequences (L2A consensus from Repbase, http://www.girinst.org).  

Figures 6 and 7 are reproduced with permission from Trends in Genetics.   

 

7.  Genomic structure of human LINE-2-derived miRNA precursors. Information 

was downloaded and edited from the UCSC Genome Browser. Each of the precursors 

resides within an intron, and each flanks the junction of two L2 repeats in opposite 

orientation (darker shading indicates less divergence from the L2 consensus sequence). 

 

 

 

  



 

 

 

 

 

 

 

 

$mrna = 'ACTTTGGGACGAGCTT'; 
$mrna =~ s/T/U/g;   #replace Ts with Us 
$mirna = 'UUGG'; 
$mirna = reverse $mirna;  #reverse the sequence 
$mirna =~ tr/ACUG/UGAC/;  #find the complement 
 
if ($GUs_allowed) { 
 $mirna =~ s/C/[CU]/g;   #Gs will now match either Cs or Us 
 $mirna =~ s/A/[AG]/g;   #Us will now match either As or Gs 
} 
 
while ($mrna =~ /$mirna/g) { 
   $hit_lngth = length($mirna); 
   $hit_pos = pos($mrna) - $hit_lngth; 
   substr($mrna,$hit_pos,$hit_lngth) = 'X' x $hit_lngth; 
} 
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- T C C A A C T G T A - T C G G C T - C C G T T A C C A G G T G A T T A C

- T T T T T T A A A C - C T A A C A - T T C T C T C A T A A G T A C A A T

- C T T G G A G C G C - C A T A C T - A A T T T A C C T T T G A G A T A C

- C A A G G G T T A G - T A C C A C - G G A T C G T C T T T T A C T T G T

- T T T C C A T G A A - G C A A A A - A A G G C G T C G A C A C C T T T T

- A G G A A C T T T C - T T T G A A - G A A T T T G A A T T T A C G T A T

A A C C G G T A A G G - G G C G G T - T T A T C C C A T T C T C A C G T G

T T T T A A G C A T G - T A A A T A - G G T T C T C A T T G T A A T C G T

A A A A T T T C G A C - A A A T C G - T T G T C G T C G G A A T C G A A T

|10 G G G G C C A A C A A - A A G C T G - G A T T A T G C T C T A T A A T T T

C C A A T T A T T G C - A T C A G C - A A A C T C G A T T T T A T T T G T

T T C C G G G T C T A - T A T G A A - G G A A T T C G G T A C A A A T T G

G G T T G G C A C C G - T A T T A A - C C G T A T T A C T A C T G C T C C

A A G G G G T G G C C - C C G G T A - T T C T G T C G T T C G A A A T C A

G G T T A A C A T C A - C A T T T T - C C T T A C A T A A T C A G C A A A

C C A A T T C C G A G - A C G A T G - C C C T A T C A T A G T A A A T G A

A A A A C C T T A T C - T C A G C A - A A C T T C A A G A A A T A A G T T

C C G G T T T G G G C - T T C T T A - T T A C G T A G A T T G A A A C G G

T T C C A A G T G A T - A C T C T G - G G T A T G A C T T G A T A G C A G

|20 C C T T A A A G G G A - G T T A G T - A A G A A G G C G C G T T G A A G T

T T C C A A G A G G A - G C G G A G - G G A C A C C A C C A T G G C T C A

T T C C A A G G T G T - C A T A G A - A G G A G T C T C A A T C A C G T C

G G T T T T G C A C C - C C A C G A - A G G A C C C C T T G T T T A C C A

G G T T A A C T G A G - A T G A A T - C C G C T T G C C A C C T G A A A T

A A G G T T A C G G A - T C A G A A - A A C C C G G C T C A A A G A G G T

G G A A A A G C G G C - G T G C A T - G G A A C G C T C A T G T G A A G G

T T G G A A G T A G A - A C C C A T - G G A T T G A G A T A C T G C A G T

G G G G G G G T C A T - G T C A G T - G G G A T A G G C G T A T T T C A A

T T G G C C A G A C A - T G T G G T T A A G C A G G T T A T A T G G A A A

|30 A A C C T T C A T T G - C G T C T G T C C A C A C T T A T C A T T T A G C

G G A A C C T G G T A - T C T A C C T C T T A G A C T G T T G T C A T G C

G G G G C C G G G G C - C T A T A A T T T T C T A T G A T T A T A A A T T

G G A A C C T G T C A - T A C G A G T G T T A T G G G T A C A A C C C T G

G G G G G G G A C A G - G T C G T A G C G A A T G C G G G T C G T T T T T

C C A A G G T C T T C - C T T T G T T T T T G A A T T T A A T A G T G A T

T T C C A A C T G C G - C T A G T G C C C C G A C C G G A A G T C T A T C

C C T T A A T T C T T - T A T A C T T C T T A G T C G A A C G A T A A A T

A A G G G G A T T A G - C C T A T C G T G G A C G C G G A C A A T A A T A

A A T T G G T G T T T - T T G C T T T T T T T A A C G C A A G T G T A T G

|40 C C T T C C C T T T G - T T T T T A T C T A G C C G G A A C T G G G C G A

C C T T A A T C C T C - T T C G T C T A T G A T T C C T A A T A C T A T G

T T T T G G T A A T G - T G T A C A T C T T A T A G A C C G T A A C T G C

T T A A G G G T T G T - G C A G A G A A G G C T A C G A A T A A G A A G A

A A T T G G T A T T G - T A C T T T T T T T C T T C A G T G T G A T A A G

T T T T A A T A C T G - T T C C C T T T T T C T C C A G A C T T G C T T A

G G T T T T C T A T G - C T C A T T C C C T A G C C C A T C C A C G C C G

C C A A G G A C C G G - A G T A C A A G A A A T A C G A A T A G A A T A A

C C T T T T C A C T G - G C C A T T C T C C A T T T G G A T T A C T T T C

T T T T T T A C A G G - T C T C G C T G T C T C A C C G T A C T A T G T T

|50 C C C C G G G T C G A - A T T A T A T G G A A A T G A T G C T A G G G A T

T T T T A A T G T T G - A T T G A C C T C G T C G G A G T C T C T A T T C

T T T T A A T T G T C - T T G G T T T A T T A T T C C T A A T C G G G T C

T T G G G G G T T G A - G C T T T G G G G G T G G T T C T C T A C T C G T

G G T T T T T A A T C - G A G A G T C T T T C T T T A C T C A T C G T T G

G G A A A A A C T A A - A A T T T C A A A A T A A C C A T T A G G T T A T

A A T T T T T A T T G - T A T A T T T T T T T T T T C C T G C T G G G T A

C C C C C C C T C C A - C G C G C C C C C C G C C C C T A A A T G C A T G

A A C C C C C C C T G - T A C A C C C C C C T C T T T G T C T C C T A T T

C C T T C C C C T C G - C T T C C C C C C C C C C G C C T C C A A G A T C

|60 A A C C A A C C G T G - T A A A C T T C C A C T T A A T T A A T C G C T T

C C A A A A A A C A C - A A A G A C G A A A T A A C G A T G C T T A A G C

A A G G G G G G A A T - G T C C C A G G G G T A A T G T A T C A C G G G T

A A T T G G C T G C G - G A T A C C T G C T C N C T G G T A C T T A C T A

G G G G G G A G G A G - A C C A T A G G G G C A A C A T G T T T C C T A G

C C C C C C C C C C G - C A T C C T T C C C A C T A A T T A A G T A A T G

C C C C T T C C C C G - C C A C T C C C C C A C C C G C G A T T T G T A G

T T T T T T C T T T G - T C C C T T T T T T G T T C C T C T A T C T C T A

A A G G A A A C G G G - A C C C A A A A A A T A A T T A T A C A A T C G A

G G G G A A G A C G G - A A A T A T G G G G G G G C T G T T T C G A T A A

|70 C C T T A A C C C G C - A G T C C C A G M A A A C C C A C G T T G A A T C

C C A A G G A A A A A - G C A A A A A A A G G A T T A A C A T A G C G A T

C C C C G G C C C T C - C A G G C C T C C T C T G C A T T T G G G A A C A

A A A A A A A C A A T - C T T A A A A A A A A A G C T A G T A C C T A T A

T T G G A A G A G G A - T A G A G A G G G G C G A A C G G G A T C A T G C

G G G G T T T T T T A - T T G G T T T A T C C T T C T C T A C T C G A C A

G G A A G G G G G C G - T G G T G G T G G T G G C T N T G G T G T G A C G

G G C C T T C C C A T - C C T G C T C C C A T C C G C G C C A G T C T C C

C C T T G G C C C C A - T C C T C G C T C T G T T C A C C A C T A C G T A

T T T T T T T T T T T - T T C C T T T T T T G T T T T T T C C T G T A G G

|80 G G G G G G G G G G C - G A A T G G G G G G G G A C G A G C A T T G C A G

G G A A G G G G G G C - G A G G G G G G G A T T G A G G G T T T C C A T T

C C C C C C C C C C T - C C C C C C T C C C G C G G C C T A C T A A T A T

A A A A T T A C A A A - A A C A A G A A A A A A A T T A A G C A C C A C G

T T C C T T T C C A T - T T C C C T T C C C C C C A C C C C T G A A T A A

A A A A A A A T T A A - A A A A A A A A A G A A T A T A A A C T C G A T T

T T G G T T T T T T C - T T T T T T T C T T G C T A T T T A A G A A T T T

A A A A A A T A A G C - A A T A A G A A A A A A A G A A A A A C T C G A C

G G G G G G G A G A A - T A G G C G G G G G G G G C G A A G G A A T C A T

G G T T T T T G C T T - T T T T T T T T T G T T T A T T A C T T A A T A T
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T T T T T T T A T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

G G G G G G G C G G G G G G G G G G G G G G G G G G G G G G G G G G G G G

A A A A A A A A A G A A A A A A A A A A A A A A A A A A A A G A A A A A A

A A A A A A A A A A A G A A A A A A A A A A A A A A A A A A A A A A A G A

C C T T T T T A A C C G T C T T T T T T T T T T T T T T T T T T T T T C T

G G G G G G G T T A C C G A A A A G G G G G G G A G C A G A G G G G G A G

A A A A A A A A A A G A A A A A G A A A A A A A A A T A A A A A C A A T A
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G G A A A A A A A T A A A A A A A A A A A A A A A A T A G T A A T G G T T

T T A A G G A A A G A T T T T T T T T T T C C T T T A T T G A G A T A C A

G G A A C C A A A A A G A G G T T G T G - A A G G C T G C A A G C G G T G

G G A A A C A A A A A G C G A G A A C G - A A T A C C C A A C T T A A T A

A A A A C C A A A A A T A A A A A A T C - G C G G A T A A A A G T A A A A

T T A A C C A A A A A G T A A G T T C T - G A T A C A T A G C A A C A A A

A A A - A C A A A A A G A A A G A G T C - T A G G C C G T G A A T G A A G
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Base Position

Chromosome Band
LPP intron

LINE: L2

189727450 189727500 189727550

RefSeq Gene

by RepeatMasker
Repeating Elements

3q28

hsa-mir-28 precursor

LINE: L2

mir-28MicroRNA from
the miRNA Registry

Base Position

Chromosome Band
ABLIM2 intron

8199550 8199600 8199650 8199700

RefSeq Gene

MicroRNA from
the miRNA Registry

4p16.1

hsa-mir-95 precursor
mir-95

LINE: L2LINE: L2
by RepeatMasker
Repeating Elements

Base Position

Chromosome Band

SINE: MIR

LINE: L2 LINE: L2

mir-325
hsa-mir-325 precursor

75092250 75092300 75092350

Xq21.1

MicroRNA from
the miRNA Registry

by RepeatMasker
Repeating Elements

Base Position

Chromosome Band
PTK2 intron

LINE: L2

141713700 141713750 141713800 141713850

RefSeq Gene
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hsa-mir-151\151* precursor
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mir-151 mir-151*MicroRNA from
the miRNA Registry

by RepeatMasker
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mRNA from GenBank
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