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ABSTRACT

Diversity in the structure and expression of microRNAs, important regulators of gene expression, arises from SNPs, duplications
followed by divergence, production of isomiRs, and RNA editing. Inbred mouse strains and crosses using them are important
reference populations for genetic mapping, and as models of human disease. We determined the nature and extent of
interstrain miRNA variation by (i) identifying miRNA SNPs in whole-genome sequence data from 36 strains, and (ii) examining
miRNA editing and expression in hippocampus (Hpc) and frontal cortex (FCx) of six strains, to facilitate the study of miRNAs
in neurobehavioral phenotypes. miRNA loci were strongly conserved among the 36 strains, but even the highly conserved seed
region contained 16 SNPs. In contrast, we identified RNA editing in 58.9% of miRNAs, including 11 consistent editing events
in the seed region. We confirmed the functional significance of three conserved edits in the miR-379/410 cluster,
demonstrating that edited miRNAs gained novel target mRNAs not recognized by the unedited miRNAs. We found significant
interstrain differences in miRNA and isomiR expression: Of 779 miRNAs expressed in Hpc and 719 in FCx, 262 were
differentially expressed (190 in Hpc, 126 in FCx, 54 in both). We also identified 32 novel miRNA candidates using miRNA
prediction tools. Our studies provide the first comprehensive analysis of SNP, isomiR, and RNA editing variation in miRNA loci
across inbred mouse strains, and a detailed catalog of expressed miRNAs in Hpc and FCx in six commonly used strains. These
findings will facilitate the molecular analysis of neurological and behavioral phenotypes in this model organism.
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INTRODUCTION

MicroRNAs (miRNAs) are small noncoding RNAs that par-
ticipate in the post-transcriptional regulation of their target
mRNAs (Lee et al. 1993; Wightman et al. 1993). They are
found in all tissues of all higher organisms where they regu-
late numerous biological processes that include cell growth,
tissue differentiation, embryonic development, apoptosis,
and neurobiological functions such as development of the
nervous system, synaptic plasticity, and neurodegeneration
(Zhao and Srivastava 2007; Kawahara et al. 2012). One
miRNA typically targets multiple transcripts, and a single
mRNA can be targeted by multiple miRNAs.

Many miRNAs are coexpressed from polycistronic miRNA
clusters or belong to families comprised of paralogous
miRNA genes that often target several mRNAs within the
same biological pathway (Altuvia et al. 2005; Baskerville
and Bartel 2005; Juhila et al. 2011; Wolter et al. 2017).

miRNAs are initially transcribed as primary miRNAs (pri-
miRNAs). Pri-miRNAs are subsequently processed in the nu-
cleus by the RNase III nuclease Drosha to produce hairpin-
shaped precursor miRNAs (pre-miRNAs) (Lee et al. 2003).
Some miRNAs, called miRtrons, are spliced from introns
of protein-coding genes and processed in a Drosha-indepen-
dent manner. Pre-miRNA hairpins are exported to the cyto-
plasm where the RNase III nuclease Dicer further cleaves the
double-stranded RNA to form the �22 bp product. The two
strands, called the 5p and 3p arms, are separated to produce
mature single-stranded miRNAs (Hutvágner et al. 2001).
miRNA biogenesis is usually a relatively stable process but
the cut sites of Drosha or Dicer may vary. This leads to the
production of multiple forms of a miRNA, called isomiRs,
with 5� or 3� cut sites either upstream or downstream
from the canonical cleavage site. Specific RNA editing
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enzymes may also change the nucleotide sequence of the
mature miRNA post-transcriptionally or add nucleotides to
the 3� end of the mature miRNA. Finally, the mature
miRNA is loaded into the miRNA-induced silencing
complex (miRISC) with an argonaut protein (AGO). The
miRNA component of the complex determines target speci-
ficity. Important component of the target recognition is com-
plementary binding of bases 2–8 of the mature miRNA (the
seed region) to the 3� UTR of the target mRNA, which either
blocks its translation or activates mRNA degradation (Baek
et al. 2008; Guo et al. 2010), resulting in gene silencing.

Inbred mouse strains and crosses using them are impor-
tant reference populations for genetic mapping, and are
widely used genetic and pharmacological models of human
disease phenotypes. Catalogs of mouse miRNAs have been
previously published (Landgraf et al. 2007; Chiang et al.
2010) but the genetic variation of miRNA loci and expression
across different inbred mouse strains has not been systemati-
cally investigated. Therefore, commercial miRNA tools are
generally only available for the miRBase canonical miRNA
sequence and the mouse reference strain C57BL/6J, hinder-
ing the use of other mouse strains in biomedical research
on miRNAs. The first inbred mouse strains were generated
over 100 years ago and now several hundred are commercial-
ly available. Their genealogy has been extensively investigated
at the DNA (Ideraabdullah et al. 2004; Yalcin et al. 2004;
Cervino et al. 2005) and gene expression (Hovatta et al.
2007) levels. Recently the whole-genome sequence (WGS)
of 36 classical laboratory and wild-derived strains was deter-
mined as a part of the Mouse Genomes Project (Keane et al.
2011; Wong et al. 2012; Adams et al. 2015). Genetic variation
in miRNA genes between mouse strains is expected to influ-
ence miRNA function, and consequently contribute to the
phenotypic differences between the strains.

DNA polymorphisms in miRNA loci, post-transcriptional
RNA editing, and production isomiRs can affect miRNA
stability, target specificity, and silencing efficiency (Kawahara
et al. 2007; Kume et al. 2014). To identify the nature and ex-
tent of interstrain miRNA variation, we performed a compre-
hensive genome-wide characterization of mouse miRNA loci
and expression across inbred strains. We investigated DNA
polymorphisms and genetic conservation within miRNA
loci of 36 strains. Furthermore, we carried out miRNA and
isomiR expression profiling in two brain regions of six
strains, the frontal cortex (FCx) and hippocampus (Hpc),
central regulators of many neurobehavioral traits.

RESULTS

miRNA loci are highly conserved

To identify genetic variation within miRNA loci in the mouse
genome, we downloaded SNP information based on the
WGS data of 36 inbred mouse strains (Supplemental Table
S1) produced by the Mouse Genomes Project (Keane et al.

2011; Wong et al. 2012; Adams et al. 2015). These strains in-
clude commonly used inbred laboratory strains and wild-de-
rived inbred strains, and the data are provided in reference to
the C57BL/6J strain (Adams et al. 2015). We analyzed vari-
ants in the 405 high-confidence pre-miRNAs (34% of the
1193 mouse pre-miRNAs) curated by miRBase (v21) and
meeting criteria for functionality (Kozomara and Griffiths-
Jones 2014). Of these pre-miRNAs, 51% were located within
protein-coding genes and 49% elsewhere in the genome (Fig.
1A). Five miRNAs in coding sequence were located in anti-
sense direction within the same host gene, Rtl1 that they
also regulate (Davis et al. 2005), and the remaining three in
sense direction within Chpf2, Dgcr8, and Rcan3 genes. The
four miRNAs annotated to 3�-UTRs resided within Dvl2,
Vmp1, Ppp2ca (sense direction), and Glyctk (antisense direc-
tion to the host gene).

We detected 242 SNPs between the strains within the pre-
miRNA coordinates (Supplemental Table S2). Of the mature
miRNAs (n = 809) derived from the high-confidence
pre-miRNAs, 2.1% had SNP variation in the seed and 7.0%
elsewhere in the mature sequence (Fig. 1B). Thirteen of the
16 seed-SNPs were detected exclusively among wild-derived
strains (CAST/EiJ, MOLF/EiJ, PWK/PhJ, and SPRET/EiJ)
and nine were specific to a single strain (PWK/PhJ: n =
2, Spret/EiJ: n = 4, I/LnJ: n = 1, MOLF/EiJ: n = 1, and
129S5SvEvBrd: n = 1). Nine miRNAs with a seed-SNP be-
longed to a �48 kb long, recently expanded highly repetitive
miRNA cluster of 82 high-confidence miRNAs (Wang et al.
2011; Zheng et al. 2011), located in the intron of the
Sfmbt2 gene. Of all polymorphic miRNAs, only four had
SNPs in all three investigated regions of the pre-miRNA, sug-
gesting that genetic variation is not concentrated only within
a few miRNA loci with less selective constraint (Fig. 1C). To
investigate the extent of sequence variation in different re-
gions of the pre-miRNA loci, we calculated �, the sum of
base-wise nucleotide divergence of the region, taking into ac-
count the varying lengths of the regions. The seed region �
was significantly lower than the mature or precursor region,
corroborating the functional importance of the seed in
miRNA function (Fig. 1D). Overall, we observed less varia-
tion in miRNA loci compared to protein coding or noncod-
ing genomic regions, suggesting high evolutionary constraint
on miRNA genes.

Significant miRNA expression level differences among
mouse strains

ToinvestigatebrainmiRNAexpression level differences across
inbred mouse strains, we performed miRNA sequencing
(miRNA-seq) of Hpc and FCx of six commonly used strains
(129S1/SvImJ, A/J, C3H/HeJ, C57BL/6J, DBA/2J, and FVB/
NJ) that differ in many behavioral phenotypes (Fig. 2;
Hovatta et al. 2005; https://phenome.jax.org/). We found
779 (518 high-confidence) miRNAs expressed in the Hpc
and 719 (510 high-confidence) in the FCx (Fig. 2C;
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Supplemental Table S3). We established that 262 miRNAs
(176 high-confidence) were significantly differentially ex-
pressed between the strains (190 in Hpc, 126 in FCx, and 54
in both; adjusted P < 0.05; Fig. 2D; Supplemental Table S3)
by using an unsupervised fuzzy pattern algorithm (Glez-
Peña et al. 2009) for data reduction and classification, followed
by analysis of variance (ANOVA). Of all expressed miRNAs,
32.8% were differentially expressed. Although most miRNAs
were expressed in both brain regions (Fig. 2C), only a minor-
ity were differentially expressed in both (Fig. 2D). Expres-
sion levels of miRNAs located within a host gene did not
correlate with the host gene expression levels (average R2 in
Hpc = 0.12 and in FCx = 0.09 when miRNA and mRNA are
located on the same strand, and Hpc = 0.07 and FCx = 0.03
when located on the different strands), indicating that miRNA
expression is not dependent on host gene expression.

miRNA loci produce a broad variety of isomiRs

We used the Hpc and FCx miRNA-seq data to identify ex-
pressed isomiRs, defining them as any alternative form of
the canonical miRNA (alternative 5� start site, RNA editing,

SNPs compared to the reference
miRNA, and 3� variation). We aligned
the Hpc and FCx miRNA-seq reads
from the six strains to mature high confi-
dence miRNA sequences in miRBase us-
ing Miraligner (Pantano et al. 2010) and
calculated the relative proportions of
isomiRs for each miRNA. We included
543 Hpc and 544 FCx miRNAs in the
isomiR analysis. In both brain regions
>90% of miRNAs expressed noncanoni-
cal sequences. We found some rare
isomiRs, but >90% of the reads aligned
to the five most common isomiR (Fig.
3A). The miRBase canonical miRNA
was the most highly expressed isomiR of
only 53.0% and 53.6% of miRNAs in
FCx and Hpc, respectively (Fig. 3B).

We detected considerable differences
in the isomiR expression patterns be-
tween individual miRNAs (Fig. 3C,D).
Since the location of the 5� start site of a
miRNA determines the seed position, 5�

start site variation (such as seen in miR-
411-5p, Fig. 3D) may have functional im-
portance. Twenty-eight percent of
miRNAs in FCx and 27% in Hpc had at
least one seed position-altering isomiR
with at least 10% frequency. To deter-
mine whether Drosha or Dicer differ in
the alternative start site production, we
compared the number of 5� variable 5p
(determined by Drosha) and 3p (deter-

mined by Dicer) miRNAs (406 in Hpc, 408 in FCx). Dicer
produced significantly more variation than Drosha both in
the Hpc (Wilcoxon rank sum test, W = 91,9310, P < 2.2 ×
10�16) and FCx (W = 93,5340, P < 2.2 × 10�16).

We next identified differentially expressed isomiRs (ad-
justed P < 0.05) between the six strains by using the fuzzy pat-
tern algorithm followed by ANOVA. Of the 17,257 isomiRs
in Hpc, 2268 (13.1%) were differentially expressed between
the strains. Of the 14063 FCx isomiRs, 1051 (7.4%) were dif-
ferentially expressed. Of these isomiRs, 190 were differen-
tially expressed in both brain regions (Supplemental Table
S4). An example of a differentially expressed isomiR of
miR-411-5p is shown in Figure 3E.

Several miRNAs are consistently edited

MiRNAs are commonly post-transcriptionally modified by
RNA editing enzymes that deaminate adenine and cytosine,
or trim or insert nucleotides in the mature miRNA by nucle-
otidyl transferases and 3�–5� exonucleases (Neilsen et al.
2012). To establish the frequency and variation in post-tran-
scriptional modification of miRNAs by RNA editing enzymes,

A
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FIGURE 1. Genomic location of miRNAs and SNP variation within high-confidence miRNA
loci. (A) Number of miRNAs located within or outside of protein-coding genes. (B)
Distribution of SNPs and average nucleotide divergence (�) across miRNA loci. (C) Number of
miRNAs with SNPs between 36 inbred mouse strains in the seed, mature miRNA sequence exclud-
ing the seed, and pre-miRNA excluding the mature miRNA sequence. (D) Nucleotide divergence
(�) in high-confidence miRNA loci, 1 kb of 5� and 3� flanking sequences, random protein-coding
exons, and noncoding regions. Sixteen SNPs (in 16 miRNAs) were located in the seed region (nu-
cleotides 2–8 from the 5� start of the canonical mature miRNA), 65 (in 52 miRNAs) in the mature
miRNA sequence excluding the seed region, and 159 (in 116 miRNAs) in the pre-miRNA sequence
excluding the mature miRNA and the seed sequences. Mean and standard error of the mean is cal-
culated over all miRNA loci. All groups differ significantly from each other, except 5� and 3� flank-
ing sequences (Kruskal–Wallis test, � P < 2.2 × 10�16). (CDS) Coding sequence.
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