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ABSTRACT

MicroRNAs (miRNAs) have been implicated to play key roles in normal physiological functions, and altered expression of
specific miRNAs has been associated with a number of diseases. It is of great interest to understand their roles and a prerequisite
for such study is the ability to comprehensively and accurately assess the levels of the entire repertoire of miRNAs in a given
sample. It has been shown that some miRNAs frequently have sequence variations termed isomirs. To better understand the
extent of miRNA sequence heterogeneity and its potential implications for miRNA function and measurement, we conducted
a comprehensive survey of miRNA sequence variations from human and mouse samples using next generation sequencing
platforms. Our results suggest that the process of generating this isomir spectrum might not be random and that heterogeneity at
the ends of miRNA affects the consistency and accuracy of miRNA level measurement. In addition, we have constructed
a database from our sequencing data that catalogs the entire repertoire of miRNA sequences (http://galas.systemsbiology.
net/cgi-bin/isomir/find.pl). This enables users to determine the most abundant sequence and the degree of heterogeneity for
each individual miRNA species. This information will be useful both to better understand the functions of isomirs and to
improve probe or primer design for miRNA detection and measurement.
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INTRODUCTION

Next generation (NextGen) sequencing platforms (Shendure

and Ji 2008; Ansorge 2009; Mukhopadhyay 2009) such as
SOLiD from Applied Biosystems (ABI), the Genome Ana-

lyzer from Illumina, and Genome Sequencer FLX from 454

are leading the way in offering broad and deep surveys of the

transcriptome. One important application of NextGen se-

quencing technology is the discovery and profiling of small

noncoding RNAs (Wei et al. 2009; Wyman et al. 2009; Zhang

et al. 2009), including the class known as microRNAs

(miRNAs). Mature miRNAs are short RNA molecules (17–
25 nucleotides [nt] long) that are processed by the RNase III

enzymes, Drosha and Dicer, from transcripts (Davis and

Hata 2009; Russo and Giordano 2009). Usually, one strand

of the resulting double-stranded RNA, the major strand, is

preferentially incorporated with Argonaute proteins into the

RNA-induced silencing complex (RISC) where miRNA in-

teracts with messenger RNAs (mRNAs) to inhibit protein

translation or destabilize the targeted mRNA (Hu et al. 2009;

Tomari 2009). It is believed that the miRNA–mRNA in-

teractions are initiated through the partially complementary

pairing of the seed region, nucleotide positions 2–8, of the
miRNA with its targeted mRNA (Seitz et al. 2008; Goff et al.

2009). The minor strand, which is normally not incorporated

into RISC complexes, is believed to be biologically inactive

and degraded in the cell (Zeng 2006; Miller et al. 2008;

Okamura et al. 2009).

MiRNAs are involved in various physiopathological condi-

tions (Cho 2009; Fineberg et al. 2009; Weidhaas 2009). To

better understand how miRNAs regulate gene expression, it is
important to be able to accurately profile the entire miRNA

population in biological samples. There are currently two

major platforms for miRNA profiling: microarray hybridiza-

tion (Davison et al. 2006; Liu et al. 2008; Yin et al. 2008;

Bargaje et al. 2010) and quantitative polymerase chain reaction

(qPCR) (Chen et al. 2005). Both technologies rely heavily on

the availability and accuracy of miRNA sequences in the
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databases for designing probes or primers (Griffiths-Jones

et al. 2006, 2008). The advancement of NextGen sequenc-

ing technologies offers an unprecedented scale and depth of

miRNA profiling. In addition, the sequencing approaches

do not have thermodynamic biases usually associated with

hybridization-basedmicroarray and qPCR platforms. More-

over, they have the potential to discover previously unchar-

acterized miRNA species. Unexpectedly, direct sequenc-
ing of miRNAs has also revealed some end sequence

variations (Morin et al. 2008; Ebhardt et al. 2009; Wu

et al. 2009).

To better understand the nature of this diversity and its

potential functional implications, we cataloged and com-

pared the distribution of miRNA sequence variants in mouse

and human samples obtained using NextGen sequencing

platforms. In several instances, the most abundant sequence
for individual miRNA species in our data did not match to

the mature sequence listed in public miRNA databases, such

as miRBase (http:www.mirbase.org). While the distribution

of isomirs across samples is generally similar, we found

examples in which the dominant isomir is different from

sample to sample. This may imply functional roles for

specific isomir sequences. In addition, the sequence hetero-

geneity we have observed may affect the accuracy and
consistency of miRNA measurement. We also compiled all

isomirs into a database which allows users to assess the

expression level and heterogeneity of a specific miRNA

species among different samples (http://galas.systemsbiology.

net/cgi-bin/isomir/find.pl).

RESULTS

Using NextGen sequencing technologies, we profiled the

small RNAs from 14 different biological samples (Table 1).

The 14 samples are from three groups of experiments: (1)

embryonic stem cell differentiation experiments—contain-
ing RNA samples from mouse embryonic stem cells (ES),

embryonic bodies (EB), and differentiated cells (Diff); (2)

miRNA population associated with the RISC complex de-

rived from human 293T cells—a human kidney epithelial cell

line—containing samples from placenta as general control,

293T cell total RNA, 293T RNA isolated from cell lysates

immunoprecipitated (IP) with either Argonaute 2 (Ago2) or

GW182 antibody; and (3) drug-induced liver injury exper-
iment—containing liver tissues obtained from control mice,

and mice after 3, 12, 24, and 120 h of a single 300-mg/kg

(IC50 dose) dose of acetaminophen administration. The

number of reads matching perfectly to either the human or

mouse miRNA precursor sequences deposited in the miR-

Base (www.mirbase.org) ranged from 0.12 to 5.6 million. If

we allowed one nucleotide mismatch, the number of reads

that match to miRNA precursor sequences increased con-
siderably. The liver-enriched miRNAs, miR-122 and mir-192

(Chang et al. 2004), showed very high levels in all five liver

TABLE 1. Information on the samples as well as the number of reads that were matched to known miRNA is shown for the 14 samples that
were sequenced

Platform
used

Sample
type Species

Experimental
condition

Number of reads
matched to

known miRNA
(0 mismatch)

Number of reads
matched to

known miRNA
(1 mismatch)

Number of
detected miRNA
species (greater
than mean)

Dominate sequence
different

from miRBase
sequence

Illumina Cell line Mouse ES cell differentiation–
ES cells 1

119,391 155,388 337 (87) 157

Illumina Cell line Mouse ES cell differentiation–
differentiated cells 1

674,600 857,767 387 (84) 165

Illumina Cell line Human 293T 501,602 639,994 324 (63) 156
Illumina Cell line Human 293T Immunoprecipitation

with Ago2
146,184 169,292 290 (73) 124

Illumina Cell line Human 293T Immunoprecipitation
with GW182

5,611,551 6,784,016 417 (68) 177

Illumina Tissue Mouse Tissue injury–liver–control 697,255 985,604 220 (30) 101
Illumina Tissue Mouse Tissue injury–liver–3 h 600,493 835,741 204 (28) 92
Illumina Tissue Mouse Tissue injury–liver–12 h 1,017,751 1,416,393 240 (36) 105
Illumina Tissue Mouse Tissue injury–liver–24 h 712,832 980,373 226 (35) 96
Illumina Tissue Mouse Tissue injury–liver–120 h 295,476 408,368 199 (26) 102
ABI Cell line Mouse ES cell differentiation–

ES cells 2
328,898 519,833 403 (75) 152

ABI Cell line Mouse ES cell differentiation–
EB cells 2

404,400 684,363 384 (68) 143

ABI Cell line Mouse ES cell differentiation–
differentiated cells 2

216,740 309,408 375 (64) 139

ABI Tissue Human Normal tissue–placenta 5,553,167 9,816,997 516 (70) 175

A significant number of miRNA has dominant read sequences that are different from the miRBase sequence.
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samples, and the stem cell-enriched miRNAs, mir-302 and

mir-290 family members, also showed significant levels in

our ES cell samples (Barroso-del Jesus et al. 2009; Wilson

et al. 2009; Zovoilis et al. 2009). These findings suggest the

global miRNA profiling data obtained were reasonably

accurate and suitable for further analysis.

The number of detected miRNAs from these samples

ranged from 200 to 500 but the number of miRNA showing
an expression value greater than the global mean was much

lower, from 26 in one of the liver samples to 87 in one of the

ES cell samples (Table 1). This suggested that only a small

fraction of the miRNA species were present at considerable

levels in the cells and the concentration of individual

miRNAs differed widely within a sample as well as among

different samples. Since our focus was to investigate the

sequence heterogeneity of miRNAs, we did not conduct
extensive sample-to-sample normalization or comparison.

In addition we only included miRNA sequencing data that

matched perfectly to the miRNA precursors.

NextGen sequencing results showed significant
miRNA sequence discrepancies with sequences
in public databases

Except for very low abundance miRNA species, all miRNAs

we detected showed different degrees of sequence variation

when aligned with their genomic precursors. The miRNA

sequence variants, termed isomirs (Morin et al. 2008),

exhibited shortened or lengthened ends, addition of non-

germline sequences at the ends or altered internal miRNA

sequences. Since non-germline nucleotide sequence varia-

tions, either within or at the ends of miRNA sequences, are
heavily influenced by the error rate of the sequencing

platform, we excluded these changes from our analyses.

One interesting property of miRNAs is the extreme se-

quence conservation between human and mouse, which al-

lowed us to compare the isomir distribution across the sam-

ples from two different species.

The overall length distribution of the most abundant

isomir sequence for each miRNA species is similar to the
length of mature miRNA sequences in the public database,

all peaked at a length of 22 nt for both human and mouse

samples (Fig. 1A,B). We observed slightly higher percent-

ages of miRNAs in mouse samples that were shorter than

the reference sequence in the database, which could suggest

that some of the isomirs were the degradation products of

the miRNAs. At the same time, our data also showed higher

percentages for the longer sequences compared to se-
quences in the database for both the human and mouse

samples. Although we could not exclude the possibility that

a fraction of the isomirs observed were degraded miRNAs,

the detection of a significant number of miRNAs that have

sequences longer than the miRBase sequences suggested

that a considerable fraction of the isomirs observed are

unlikely to be degradation products.

To investigate more directly whether the lengthy process of

sample preparation for NextGen sequencing could lead to the

observed miRNA end-region heterogeneity, we introduced a

22-nt-long synthetic RNA into the RNA samples prior to

NextGen sequencing library construction. The results showed

that there were virtually no changes on the 39 end but a frac-

tion of the synthetic sequences were truncated at the 59 end
(Fig. 2). This is unlikely to be an artifact of the sequence

analysis, but rather caused by premature termination during

synthesis of the synthetic RNA since the method for oligonu-

cleotide chemical synthesis proceeds from the 39 to 59 end.

This result suggested that the majority of the end region

diversities observed in our results are caused by processes prior

to the NextGen sequencing sample preparation step.

The most abundant sequence for individual miRNA
species varies among different species

Depending on the sample, the most abundant or dominant

isomir sequences for 30%–50% of the miRNA species were

different from their corresponding mature miRNA se-
quences listed in the database (Table 1). When combining

different samples, the number of miRNA species consis-

tently having the sequence deposited in the database as the

most abundant sequence is even smaller, only 19 in all the

FIGURE 1. The observed miRNA length distrribution. The most
abundant miRNA sequence length distribution for (A) human and
(B) mouse samples compared to miRNA sequences deposited in
miRBase. The x-axis represents different length of miRNA sequences
and the observed frequencies are displayed on y-axis. The higher
percentage of miRNA with longer dominant sequence length com-
pared to miRBase sequences suggest that degradation products are
unlikely to explain a considerable fraction of the isomirs observed.
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mouse samples and 58 in human among our detected

miRNA species. Among the top 10 most abundant miRNA

species in human and mouse samples studied, only six

human and three mouse miRNA species showed a domi-

nant sequence that matched the mature miRNA sequence

deposited in the database (Tables 2, 3).

There were two miRNAs in common, mir-103 and mir-
378 (highlighted in the tables), between the top 10 most

abundant human and mouse miRNA species listed in Tables

2 and 3. The dominant mir-103 sequence is identical to the

sequence in the public database from both human and mouse

samples. For the mir-378, all the mouse samples except for

one of the ES cell samples, the dominant sequence is the same

as the sequence in miRBase, but for human samples, the

dominant mir-378 sequence is one nucleotide longer than the
database sequence. The dominant sequence can also be

different among different types of sample from the same

species; for instance, the human mir-222 sequences in 293T

cell line samples but not placenta tissue have a sequence that

differs from the database entry (Table 2). On the other hand,

the mir-221 dominant sequence agrees with the database

entry for the 293T cell line samples but not for placenta tissue.

Mature miRNAs have significant end heterogeneity

The majority of the sequence length variations observed in

our results are variations at the 39 end. Less frequently,
certain miRNAs also have significant variations on the 59

end. The end region sequence diversity in a miRNA is

proportional to the number of different ends observed and

the total number of nucleotides changed, but with an inverse

relationship to the abundance of the dominant sequence.

Therefore, we can display the miRNA end region diversity as:

D30or50mirx = Ne30or50mirx 3 Nd30or50mirx 3 ð1� DOmirxÞ

where D39 or 59mirx is either the 39 or 59 end diversity of
miRNA X, Ne39 or 59mirx represents the number of ends

observed at either the 39 or 59 end for miRNA X, Nd39 or

59mirx is the total number of nucleotides changed at either

39 or 59 end from the dominant isomer for miRNA X, and

the DOmirx is the fraction of the dominant isomir sequence

represented in the total number of observed sequences for

miRNA X. Based on this method, the mmu-mir-341 and

mmu-mir-298 had the most diverse 59 and 39 end, re-
spectively, for mouse ES cell differentiation samples. These

miRNAs showed very little expression in the liver samples.

The mmu-mir-101b (for 59 end) and mmu-mir-192 (for 39

end) had the highest end region heterogeneity in the mouse

liver samples. For the human samples, hsa-mir-126 showed

the highest diversity for the 59 end while hsa-mir-145

possessed the most diverse 39 end.

FIGURE 2. The distribution of spike-in RNA ends observed through
NextGen sequencing results. The individual end nucleotides are listed
on the x-axis and the frequency of observed individual ends are
displayed on the y-axis. The full-length RNA oligonucleotide ends are
listed as bold-face characters. The 39 end of sequencing reads matches
exactly to the synthetic RNA while the 59 end variation seen are likely
to be premature termination during the spike-in artificial RNA
synthesis.

TABLE 2. The top 10 most abundant miRNA species among all human samples

Platform used
ABI

Illumina

Sample name
Placenta 293 Cell RNA

293 cell IP with
Ago2

293 cell IP with
GW182

miRNA ID
Dominant sequence
match to miRBase

Dominant sequence
match to miRBase

Dominant sequence
match to miRBase

Dominant sequence
match to miRBase

hsa-let-7a Yes Yes Yes Yes
hsa-let-7f Yes Yes Yes Yes
hsa-let-7g Yes Yes Yes Yes

hsa-mir-103 Yes Yes Yes Yes

hsa-mir-10a No No No No
hsa-mir-221 No Yes Yes Yes
hsa-mir-222 Yes No No No
hsa-mir-25 Yes Yes Yes Yes
hsa-mir-378 No No No No
hsa-mir-92a Yes Yes Yes Yes

The table indicates whether the dominant sequence matches the miRBase sequence. The two highlighted miRNA are also present in the top 10
most abundant mouse miRNA (Table 3). The dominant sequence can vary with sample type as shown by mir-221 and mir-222 in the table.
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Distribution of isomirs in the cells probably
is not random

To explore miRNA sequence variation and its possible

biological implications, we examined the distribution of

isomirs among different samples. Since isomirs are the

results of combining different 59 and 39 ends of the miRNA

sequences, we can use the observed frequency of individual

ends to represent the changes in isomir distributions.

For some of the miRNA species, such as mir-24 (Figs. 3A,
4A), the dominant 59 and 39 ends are both the same as

reported in the database. While we observed a small fraction

of the mir-24 sequences with shorter 39 ends, especially in

the mouse liver samples, a great majority of the mir-24

sequences for all the samples had the same ends as the

sequence deposited in miRBase. For other miRNAs such as

mir-21, the 59 end almost exclusively ended at the same

position as the mir-21 sequence in the public database (T;
displayed as a red character in Figs. 3B, 4B). However, unlike

the 59 end, the 39 end of mir-21 is quite diverse and can be

grouped into two major groups, one ending in A and the

other in C, which is one nucleotide longer (Figs. 3B, 4B).

Most of the mouse liver samples end with A, but the rest of

samples including cell lines and human placenta have C as

the dominant 39 end (Figs. 3B, 4B).

The 59 ends are not always as conserved as in mir-24 and
mir-21. For example, the 59 ends of mir-140-3P (named

mir-140* in mouse) has two major ends (Figs. 3C, 4C),

similar to the 39 end of mir-21. The dominant 59 end for

the human placenta, samples from ES cell differentiation

and some mouse liver samples, is at nucleotide A, which is

one nucleotide longer than the sequence deposited in

miRBase. The human 293T cell samples and the rest of

the mouse liver samples all ended at position T, the same
position as the miRBase sequence. Like its 59 ends, the mir-

140-3P 39 ends also fall into two major groups and both of

them are longer than the sequence in the public database.
Most of the isomirs in the mouse liver samples end at

nucleotide A which is one nucleotide longer, and the rest of

the samples including the 293T cells, ES cell differentiation

samples, and human placenta end at C which is two

nucleotides longer than the sequence in the miRBase.

In some cases, we observed significant levels of mature

miRNAs derived from both arms of the miRNA precursor,

one such example is the pair of mir-30a and mir-30a*. The
total observed level for mi-30a is 24 times higher than the

level of mir-30a*. Nevertheless, the level of mir-30a* is still

significant among all the samples to conduct a reliable end

region diversity comparison between the two arms. The

59 ends for both mir-30a and mir-30a* are fairly conserved

compared to their 39 ends (Figs. 3D,E, 4D,E). The dominant

39 ends for the mir-30a and mir-30a* from our samples can

also be divided into two major groups. In mir-30a, the
dominant 39 end of human placenta and most of the mouse

liver samples end at nucleotide C and the rest of the cell

line samples, including 293T cells and mouse ES cells

samples, end at T. Both of these dominant ends are longer

than the sequence reported in the public database. Unlike

the mir-30a, the sample distribution of dominant 39 end for

the mir-30a* is less consistent among similar samples, for

example some of the liver samples and ES cells samples
exhibit ends at position G and the rest of the samples with C

(see Figs. 3E, 4E).

Although mir-21 and mir-140-3P demonstrate some

sequence bias among different samples, miRNAs of the

mir-101 family, mir-101a and mir-101b, show distinct end

distributions among the samples we studied (Figs. 5, 6).

Except for the human samples, mir-101a and b show

relatively high levels among all the mouse samples including
liver samples from acetaminophen toxicity studies and cell

TABLE 3. The top 10 most abundant miRNA species among all mouse samples

Platform used

ABI Illumina

Sample name

ES-2 EB-2 Differentiated-2 ES-1 Differentiated-1 Liver-1 Liver-2 Liver-3 Liver-4 Liver-5

miRNA ID

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

Dominant
sequence
match to
miRBase

mmu-mir-101a No No No No No No No No No No

mmu-mir-103 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes

mmu-mir-140 No No No No No No No No No No
mmu-mir-191 No No No Yes Yes No No Yes Yes No
mmu-mir-21 No No No No No Yes No No No Yes
mmu-mir-26a Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
mmu-mir-29a Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
mmu-mir-30d No Yes Yes No No No No No No No
mmu-mir-31 No No No Yes No No No No No No
mmu-mir-378 No Yes Yes Yes Yes Yes Yes Yes Yes Yes

The table indicates whether the dominant sequence matches the miRBase sequence. The two highlighted miRNA are also present in the top
10 most abundant human miRNA (Table 2).
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line samples from ES cell differentiation experiments. There

are two major 59 ends, either G or T, for the mir-101s and all

the liver samples are in one group (ending at T) and samples

from the ES differentiation experiments are in the other

(ending with G; Figs. 5, 6). Unlike the 59 ends, there is a single

major 39 end for mir-101a, while 101b has three different

ends. All the liver samples have two major ends, either A or G
separated by one nucleotide A. The majority of the ES cell-

related samples end in between the two major ends associated

with liver samples.

miRNA end region diversity may affect
the measurement of miRNA levels

To demonstrate the effects of end region sequence heteroge-
neity on miRNA measurements, we made synthetic RNA

templates based on the isomir sequences of two miRNAs, mir-

18a (for 59 end heterogeneity) and mir-451 (for 39 heteroge-

neity; Nelson et al. 2007), obtained from our sequencing

results. Three different qPCR measurement platforms were

used to measure their ability of detecting individual synthetic

isomir RNAs. The Taqman qPCR method from Applied

Biosystems uses a stem–loop primer that anneals to the 39

end of the miRNA to generate cDNA for the qPCR (Chen

et al. 2005). The Qiagen and Exiqon platforms use poly-
adenylase to generate poly A tails and then use anchored

poly T primer to generate cDNA templates for miRNA

profiling. The Exiqon platform also applies nucleotide

analogs to enhance the specificity and selectivity of their

miRNA qPCR primers (Kore et al. 2008).

The results were striking in that one or two nucleotide

changes from the mature forms in the miRBase at either the

39 or 59 end drastically affected the measurement results (Fig.
7A,B). In general, the method that relies on the sequence

integrity of 39 end (compared to the miRBase sequence) was

affected the most. On the other hand, the qPCR platform

from Exiqon which uses modified nucleotides to enhance

the primer specificity generally performed better in detecting

different isomir sequences based on the results with our

synthetic RNA templates.

FIGURE 3. The distribution of selected miRNA ends observed
through NextGen sequencing results: (A) mir-24, (B) mir-21, (C)
mir-140-3p, (D) mir-30, (E) mir-30*. The individual end nucleotides
are listed on the x-axis and the frequency of observed individual ends
are displayed on the y-axis. The ends corresponding to the miRNA
sequence listed in miRBase are shown in red. (A) The 39 ends of miR-
24 mostly match the miRBase sequence, (B) but for miR-21, it varies
by samples. (C) mir-140-3p: The 59 ends are not always as conserved
as in (A) mir-24 and (B) mir-21 and the 39 ends mostly do not match
the miRBase sequence. Both arms of the miRNA precusor, (D) mir-
30a and (E) mir-30a*, have fairly conserved 59 ends while the 39 ends
are more diverse.

FIGURE 4. Different plot of the distribution of selected miRNA ends
observed through NextGen sequencing results: (A) mir-24, (B) mir-
21, (C) mir-140-3p, (D) mir-30, (E) mir-30*. The data are the same as
shown in Figure 3, but the lines are offset so that the changes in
different samples can be distinguished.

Complexity of miRNA repertoire revealed by NextGen
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A database to catalog isomir spectrum

To track and record miRNA sequence variations, we con-

structed a publicly available database with a simple web-based

interface (http://galas.systemsbiology.net/cgi-bin/isomir/find.pl).

Users can retrieve all reads and isomirs assigned to a partic-
ular miRNA using the miRNA name. The results are grouped

into three major portions and a typical result page is shown

in Figure 8 (color version in Supplemental Fig. S1). The first

part of the page displays the general miRNA information

including name and genomic location with a hyperlink to

miRBase and EnsEMBL (http://uswest.ensembl.org/index.

html). The second part of the result shows the assembled

sequence, number of reads and fractions for each isomir
sequence, along with the miRNA precursor sequence. Se-

quences that match perfectly to the sequence deposited in

miRBase are displayed underlined (pink in Supplemental

Fig. S1 and online database) (4725 reads for mir-101a or

23% of total reads in Fig. 8), while the most abundant

sequence (TACAGTACTGTGATAACTGA, 7301 reads or

35.6% of total reads for mir-101 in Fig. 8) is showed in

bold-face. The last portion includes graphics to display the
‘‘nucleotide sequence usage’’ and ‘‘miRNA end nucleotide’’

frequencies along with the miRNA precursor sequence. The

regions covering the mature miRNA sequences in the

public database are marked in gray and the frequency of

individual bases that appeared in our sequencing results

(top) and the frequency of ends (bottom) are shown. For

mir-101a, a large percentage of the start position coincides

with the database mature sequence but the end position is

one base shorter than the database sequence.

DISCUSSION

DNA replication, RNA transcription, and protein synthesis

all rely on molecular recognition and precisely processed and

executed molecular machinery. The expression and matura-
tion of miRNA has been thought to follow the same pattern,

which would lead to a single functional miRNA sequence

from each miRNA precursor. However, recent evidence

suggests that, unlike other biomolecules in cells, some

miRNAs contain heterogeneous ends—isomirs (Morin et al.

2008; Ebhardt et al. 2009). To further investigate miRNA end

heterogeneity and its potential biological implications, we

employed NextGen sequencing platforms to analyze miRNA
from different biological samples, from human and mouse,

and comprehensively cataloged such miRNA end heteroge-

neity. From our survey, a substantial number, from 34% to

51% of the detectable miRNA species, had a dominant (most

abundant) mature miRNA sequence that differed from the

sequence listed in the database (Table 1). Our data also

suggest the process of isomir generation may not be ran-

dom, implying some regulatory mechanisms may influence
the spectrum of isomirs in the cells.

Isomirs are not caused by RNA degradation
during sample preparation steps
for NextGen sequencing

One of the possible contributing factors for miRNA end

heterogeneity is the lengthy processes involved in NextGen

FIGURE 5. The distribution of mir-101a and mir-101b ends ob-
served through NextGen sequencing results. The individual end
nucleotides are listed on the x-axis and the frequency of observed
individual ends are displayed on the y-axis. The ends corresponding to
the miRNA sequence listed in miRBase are listed as red characters.
Both mir-101a and mir-101b show two distinct 59 ends. Samples from
the ES differentiation experiments end with G while liver samples end
with T. The majority of 39 end for mir-101a matches the database at
A, while for mir-101b, the liver samples are spread in two major ends,
one nucleotide shorter (A) or one nucleotide longer (G) compared to
the ES samples.

FIGURE 6. Different plot of the distribution of mir-101a and mir-
101b ends observed through NextGen sequencing results. The data are
the same as shown in Figure 5 but the lines are offset so that the
changes in different samples can be distinguished.
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sequencing library construction, which could possibly

cause significant RNA degradation at the miRNA ends.
However, this could not explain the biases of the degree of

heterogeneity between the two miRNA ends (the 39 ends of

miRNAs are usually more diverse than the 59 ends). In

addition, we also observed a significant number of miRNAs

that are longer than the sequence deposited in the database

(Fig. 2A,B). Nonetheless, we tested for RNA degradation

using a spike-in RNA during the preparation of NextGen

sequencing library. In this case, we observed <1% of the total
reads have a shorter 39 end, while >50% of the reads exhibit

shorter lengths at the 59 end (Fig. 2). This is the opposite of

the effects seen in our miRNA sequencing results—higher

sequence changes at the 39 ends. Since the in vitro oligonu-

cleotide chemical synthesis on solid support starts at the 39

end, the shorter 59 ends are a well-known phenomenon

caused by premature termination during synthesis.

miRNA end region diversity may have
functional meaning

Even though some miRNAs, such as mir-101a and mir-
101b (Figs. 5, 6), have significant diversity at their 59 ends,

in general, the 59 ends are more conserved than the 39 ends

in our data. This is probably due to functional pressure on

the 59 end resulting in higher end-region conservation.

Since the initial miRNA–mRNA interactions are through

partial sequence complimentarily between the seed region

of the miRNA (nucleotide 2 through 10 from the 59 end)

and targeted mRNA, any major changes in this region will
affect the functionality of miRNAs. The clear difference in

the distribution of 59 ends for mir-101s between liver tissue

samples and ES cell samples suggests that miRNA process-

ing may not be random and the isomir distribution may

also have functional implications.

miRNA end region diversity may affect
the measurement accuracy

One of the challenges in miRNA research is the accuracy of

measuring specific miRNA levels, despite the development

of several global miRNA measurement platforms based

on qPCR or microarray technologies. The lack of inter-
platform consistency and intra-platform reproducibility

on miRNA measurement continues to puzzle researchers

in the field (Ach et al. 2008; Chen et al. 2009; Sato et al.

2009). Inadequate probe or primer specificity due to short

mature miRNA sequences and high sequence similarity

among different miRNA species have been suggested as the

two main reasons for the difficulties in obtaining accurate

and reproducible miRNA measurements.
Current measurement technologies use miRNA sequences

deposited in the public database, miRBase, as the template

for probe/primer design. Some of the measurement technol-

ogies depend heavily on the integrity of the miRNA

sequence, especially at the 39 end of the sequence, to generate

cDNA template or to produce labeled probes for miRNA

detection. The finding of significant end region sequence

heterogeneity for miRNAs through NextGen sequencing
results, especially at the 39 ends, may help to explain some

of the measurement problems. Using synthetic RNA tem-

plates based on selected isomir sequences identified in our

sequencing results, we demonstrated severe and dramatic

effects of end region heterogeneity on miRNA measure-

ments. As expected, different measurement technologies

also show a different degree of sensitivity toward sequence

alterations at the miRNA ends. Before the development of
more accurate measurement technology, it is important to

keep in mind the heterogeneous nature of the mature

miRNA sequences may affect the level and spectrum of

miRNAs measured in the sample.

Comparing the NextGen sequencing results among dif-

ferent samples also suggests that the distribution of isomirs is

probably not random, which indicates some functional roles

FIGURE 7. The effects of miRNA end region heterogenity on
different miRNA qPCR platforms. QPCR reagents from three differ-
ent vendors, Qiagen (black bars), Exiqon (gray bars), and ABI (white
bars), are used to assess its ability to detect same amount of synthetic
RNA sequences based on the isomirs from (A) mir-451 and (B) mir-
18a. The detection efficiency was compared to the detection efficiency
of the database sequence and shows that one- or two-nucleotide-
length difference in miRNA can drastically affect measurement results.

Complexity of miRNA repertoire revealed by NextGen
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of isomirs that has yet to be shown. This also implies that the

miRNA repertoire may be much larger than previously
thought and increases the urgency to develop more accurate

and comprehensive miRNA profiling technology to better

characterize the complete spectrum of miRNA in different

biological samples.

An isomir database may help to better design miRNA
measurement reagents

The short lengths of mature miRNAs and high sequence

similarity among miRNA families pose a great challenge in
designing primers and probes for miRNA measurements. The

heterogeneity on both the 59 and 39 ends further hinders the

accurate assessment of miRNA levels.

Given the large number of isomirs for a

specific miRNA species, it appears insuf-

ficient to designate a single sequence to

represent a particular miRNA. To better

design primers or probes, it would be use-

ful to know the dominant miRNA se-

quence and distribution of isomirs in dif-
ferent biological samples.We constructed

a database where such information can be

accessed.

With multiple lines of evidence from

different platforms, it is clear that there

is a significant heterogeneity of miRNAs

in cells, and in different cell types. How-

ever, key questions remain unresolved.
Are all the isomirs biologically active? If so

do they play the same role? How does

diversity in the mature miRNA affect its

interactions with targeted mRNAs? What

biological machinery in the cell regulates

and generates the heterogeneity of the

isomir population, and is it regulated?

How can individual isomirs be precisely
measured? These questions are difficult

and allmotivate strongly the development

ofmore specific andmore comprehensive

miRNA measurement approaches.

MATERIALS AND METHODS

Samples

Mouse embryonic E14 stem cell line derived

from 129/Ola strain was cultured in DMEM

containing 10% FBS, 2 mM glutamine, non-

essential amino acids, 50 nM b-mercaptoe-

thanol, and 1000 U/mL of Leukemia in-

hibitory factor (LIF) (Hooper et al. 1987).

Differentiation was induced by withdrawal

of LIF and supplementation of the culture

medium with 0.5% DMSO. The human

embryonic kidney (HEK 293T) cell line was cultured in DMEM

containing 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin,

and 100 mg/mL streptomycin. The mouse liver samples were col-

lected from a time course acetaminophen toxicity study (Wang et al.

2009). Total RNA was isolated from cell and tissue samples using the

miRNeasy kit (Qiagen) as per the manufacturer’s instructions. The

extracted RNA was assayed for quality and quantity using an Agilent

2100 Bioanalyzer (Agilent). The RNA samples were prepared for

NextGen sequencing based on protocols provided by Applied

Biosystems and Illumina.

For immunoprecipitations, the HEK 293T cells were rinsed

twice in ice-cold PBS and lysed in NP40 lysis buffer (Invitrogen)

containing protease inhibitor cocktail (Pierce) and RNAse in-

hibitor (Promega) for 30 min on ice. Lysates were cleared by

spinning at 13,000 rpm at 4°C for 20 min. Cleared lysates were

FIGURE 8. A screen shot of isomir database. The aligned reads and corresponding counts are
shown. The first plot shows the frequency of the bases and the second plot shows the frequency
of the mature miRNA end positions. Sequences that match perfectly to miRBase sequences are
shown underlined (pink in Supplemental Fig. S1 and online database) and most abundant
sequences are displayed in bold.
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pre-adsorbed by incubating with Dynabeads protein G beads

(Invitrogen) pre-blocked with RNAse-free BSA (Ambion) and

yeast tRNA (Ambion) for 30 min at 4°C. Pre-adsorbed lysates

were transferred to new tubes containing pre-blocked Dynabeads

protein G beads coated with rabbit anti-Ago2 (clone C34C6; Cell

Signaling Technology) or mouse anti-GW182 (clone 4B6; Santa

Cruz Biotechnology) antibodies and incubated overnight at 4°C

with rocking. RNA was isolated from no IP control lysate using

miRNeasy kit. Beads were washed according to the manufacturer’s

protocol. RNA was isolated from washed beads using the

miRNeasy kit and sequenced following the protocol provided by

the manufacturer (Illumina; small RNA sequencing v1).

Data analysis and database construction

For the data from the Illumina platform, we first consolidated and

assembled the results into unique read sequences. Reads that were

seen only once, start with the full adapter sequence, or consist of

homopolymers were removed. The adapter sequence was located

and trimmed by perfect alignment to the first 11 bases of the

adapter. The trimmed reads were then aligned to miRBase (www.

mirbase.org v13.0 for mouse and v14.0 for human) precursor

sequence allowing for one mismatch using the alignment tool

PatMaN (Prufer et al. 2008). The reads from ABI’s SOLiD platform

were processed differently since the sequences were presented in

‘‘colorspace.’’ The SOLiD sequences were processed using the ABI’s

rna2map software (v0.5) with a maximum of two mismatches in

colorspace. When two mismatches in colorspace are adjacent, this

corresponds to one mismatch in base-space. The rna2map first

discards reads that aligned to a filter file consisting of adapter

contaminants, t-RNAs, ribosomal RNAs, and repeat sequences. The

remaining reads are aligned to miRNA precursor sequences using

the first 18 colorspace bases of the read sequence as a seed. The

adapter position is then determined by extending the seed sequence

until the adapter can be placed where the mismatch is lowest.

We consolidated all isomirs that perfectly aligned to miRNA

precursor sequence from the two sequencing platforms (ABI and

Illumina) into a single file using Perl scripts. This was done sep-

arately for mouse and human species. The two resulting database

files were derived from 10 mouse samples and four human sam-

ples, respectively. The files used in database construction are tab-

delimited files with columns listing miRNA precursor ID, start

and end positions of aligned reads within precursor sequence as well

as counts for the individual samples. The precursor sequences and

chromosomal locations were obtained from miRBase.

Polymerase chain reaction (PCR)

Based on the sequencing results of mmu-mir-18a and mmu-mir-

451, we obtained synthetic isomir RNA sequences from IDT. The

levels of synthetic miRNAs were also measured by three different

qPCR platforms, Qiagen’s miScript system, Exiqon’s LNA uni-

versal RT system, and Applied Biosystems’ Taqman system. The

RT-qPCR steps were processed as recommended by each manu-

facturer. Briefly, synthetic miRNA was diluted to 200 mM and first

strand cDNA was made from 10 pmol of RNA as per each

manufacturer’s instructions. cDNA was diluted from 1:10 to 1:108

and was then used in each amplification reaction.

For profiling miRNA with Exiqon qPCR plates and the Taqman

low density array, the cDNA was generated using either Uni-RT

(Exiqon) or Megaplex RT Primer pools (Applied Biosystems). In

the case of Taqman qPCR, a 12-cycle pre-amplification step was

performed according to the manufacturer’s protocol before being

dispensed onto miRNA qPCR plates. The data were analyzed

using SDS Enterprise Database 2.3 (Applied Biosystems).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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