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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.
ManymiRNAs 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 interstrainmiRNA 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 π, the sum of
base-wise nucleotide divergence of the region, taking into ac-
count the varying lengths of the regions. The seed region π
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 thatmiRNA
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-
scriptionalmodification ofmiRNAs by RNA editing enzymes,

A

C D

B

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 (π) across miRNA loci. (C) Number of
miRNAswith SNPs between 36 inbredmouse strains in the seed,maturemiRNA sequence exclud-
ing the seed, and pre-miRNA excluding the mature miRNA sequence. (D) Nucleotide divergence
(π) 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 116miRNAs) in the pre-miRNA sequence
excluding thematuremiRNA and the seed sequences. Mean and standard error of themean is cal-
culated over all miRNA loci. All groups differ significantly from each other, except 5′ and 3′ flank-
ing sequences (Kruskal–Wallis test, π P < 2.2 × 10−16). (CDS) Coding sequence.
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we assessed mismatches between the miRNA-seq and the
WGS data. We detected 572 mismatch positions in 466
miRNAs (Fig. 4A), corresponding to 58.9% of miRNAs ex-
pressed in Hpc or FCx. Of note, 106 miRNAs (13.3%) were
edited within their canonical sequence (Supplemental Table
S5), the rest within ±3 bases up- or downstream from the ca-
nonical sequence, frequently expressed by isomiRs.

The edited reads constituted the minority of all reads in
most miRNAs (Fig. 4B), as previously observed in the mouse
cerebellum (Wyman et al. 2011). Overall, there was more ed-
iting within the 3′ than the 5′ end of the canonical mature
miRNA (Fig. 4C). Of all RNA–DNA mismatches, 37.4% co-
incided with RNA-specific adenosine deaminase (ADAR)
A-to-I deamination activity (detected as an A-to-G mis-

match), which dominated editing of the seed (bases 2–7)
and anchor (bases 10–16) regions that interact with the
AGO complex and the target mRNA (Fig. 4C; Filipowicz
et al. 2008). We also detected 12 RNA–DNA mismatches
within bases 1–16 not compatible with ADAR activity
(Supplemental Table S5). One of these, a U-to-G editing
(60% of reads) of let-7a-5p at the position 9 is known to sta-
bilize the miRNA:mRNA duplex (Reid et al. 2008). The var-
ious RNA–DNAmismatches in the 3′ end of the miRNAs are
likely accountable for nucleotidyl transferase activity.
We detected nine miRNAs with editing in the seed, with

editing frequencies varying from 14.8% to 46.0% on average
across strains and brain regions (Supplemental Table S5). We
ruled out the possibility of a DNA sequencing error in the

A B

FIGURE 2. miRNA expression in hippocampus (Hpc) and frontal cortex (FCx) of six inbred mouse strains. Heat map showing the expression levels
of the most significantly (adjusted P≤ 0.001) differentially expressed miRNAs in (A) Hpc (n = 74) and (B) in FCx (n = 43).N = 3 biological replicates
per strain and brain region. (C) Overlap of expressed miRNAs in Hpc (n = 779) and in FCx (n = 719). (D) Overlap of differentially expressed miRNAs
(adjusted P≤ 0.05) in Hpc (n = 190) and FCx (n = 126). (DBA) DBA/2J, (AJ) A/J, (129S) 129S1/SvImJ, (C3H) C3H/HeJ, (C57) C57BL/6J, (FVB)
FVB/NJ.
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WGS data set by capillary sequencing of all seed edited
miRNAs using independent genomic DNA from the six
strains. Eight of the nine seed editing events were consistent
with ADAR activity. These miRNAs (miR-99b-3p, miR-411-
5p, miR-379-5p, miR-376b-3p, miR-376c-3p, miR-467d-5p)
were all located in clusters that are often expressed as polycis-
tronic units, or were in an intron of a gene (miR-1251-5p and
miR-3099-3p), in line with ADAR preferring longer targets
than a single pre-miRNA (Pinto et al. 2014).
Editing frequencies of six A-to-I events varied significantly

between brain regions, strains, or both (Fig. 5). They were
found in miR-99b-3p, intronic miR-3099-3p (within gene
Usp29), miR-467d-5p from the Sfmbt2 miRNA cluster, and
miR-411-5p, miR-376b-3p, and miR-376c-3p from the

miR-379/miR-410 cluster located in the Dlk1-Dio3 locus
(Davis et al. 2005; Sekita et al. 2008; Marty et al. 2016). As
RNA editing can affect miRNA target recognition, stability,
and expression, it may provide significant spatiotemporal
plasticity even when the DNA sequence of the miRNA is
not polymorphic (Rosenthal 2015). Many of the differentially
A-to-I seed edited miRNAs were also differentially expressed
(miR-3099-3p, miR-467d-5p, miR-411-5p, miR-376b-3p,
and miR-376c-3p) (Supplemental Table S3).

Seed-edited miRNAs gain novel targets

SNPs and RNA editing within the miRNA seed region may
affect its target specificity. To predict mRNA targets for the

A

C

D

B E

FIGURE 3. EachmiRNA gene produces many isomiRs with varying expression levels. (A) Contribution of the fivemost expressed isomiRs to the total
miRNA expression levels in frontal cortex (FCx, accounting for 96.4% of all reads) and in hippocampus (Hpc, accounting for 96.0% of all reads). (B)
The proportion of canonical sequences represented within the top five expressed isomiRs inHpc (87.7%) and FCx (87.2%). (C) Distribution of the five
most common isomiRs of miR-22 in the FCx. Top miR-22-3p isomiRs are expressed at a 1640-fold higher level than the 5p arm top isomiRs. The
canonical isomiR is the most common, constituting 93.9% of the 3p arm expression. The canonical miRNA sequence is depicted by vertical lines.
RNA-edited nucleotides are shown in red and 3′ addition in blue. (D) Distribution of the five most common isomiRs of miR-411 in Hpc. Top
miR-411-5p isomiRs aremore commonly expressed thanmiR-411-3p (50:1). Although the canonical isomiR is themost prevalent isomiR, it only con-
stitutes 37.7% of the 5p expression. The secondmost common isomiR has an alternative 5′ start site and accounts for 36.2% of the overall miR-411-5p
expression. (E) The expression levels of the second most common miR-411-5p isomiR vary across the six mouse strains (adjusted P = 0.036).
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canonical and alternative forms of miRNAs, we used
TargetScanMouse (Agarwal et al. 2015). On average 46.7%
(range 14.6%–100.0%) of target genes of a specific miRNA
were predicted both with the canonical and alternative seeds
but we found large variation depending on the miRNA and
position of the SNP or editing event (Supplemental Table
S6). If the variation was at the end of the seed, many 8 or
7-mer target sites in the canonical sequence were instead pre-
dicted as 6-mer sites in the alternative form. When we ex-
cluded 6-mer sites from the analysis, the average overlap
between the canonical and alternative predictions was
30.2% (range 7.3%–66.7%).

To validate the functional consequences of seed editing, we
carried out luciferase reporter gene assays with threemiRNAs
(miR-376b-3p, miR-376c-3p, and miR-411-5p), all located
within the miR-379/410 cluster and having an A-to-G
RNA–DNAmismatchwithin the seed, indicative of ADAR ac-
tivity. These miRNAs were highly expressed and differentially

edited both between the mouse strains
and brain regions. The functional conse-
quence of these conserved editing events
has not been established. For each
miRNA, we selected two or three mRNA
targets predicted to be silenced by the ed-
ited but not the nonedited form of the
miRNA. We verified that all target genes
were expressed in the corresponding
brain region using RNA sequencing
from the same total RNA. Selected edited
miRNAs significantly silenced five of the
seven predicted acquired targets and
none of the targets of the canonical
miRNA (Fig. 6). Thus, RNA editing
changes the target repertoire of the miR-
379/410 clustermiRNAs andmay thereby
have significant functional consequences.

Identification of 32 putative novel
miRNAs

MiRNA expression profiling using next-
generation sequencing reveals putative
novel expressed miRNA genes, which
can be truly novel or are orthologous to
miRNAs described in other species (Des-
vignes et al. 2015). We detected 32
miRNA candidates within our deep
miRNA-seq data predicted by both miR-
Deep2 (Friedländer et al. 2008) and
sRNAbench (Rueda et al. 2015) programs
(Fig. 7; Supplemental Table S7). Twenty-
eight (87.5%)were located in an intron of
a protein-coding gene, and five of them
intersected an exon, suggesting that they
may be 5′ or 3′ tailed miRtrons. Twenty-

four (75%) novel candidates met the miRBase high-confi-
dence criteria (http://www.mirbase.org/; Kozomara and
Griffiths-Jones 2014), the remaining eight failing due to exces-
sive 3′ overhang. We investigated whether the novel miRNA
candidates were orthologs of knownmiRNAs in other species.
Most of the novel miRNAs were expressed at a low level in the
bulk tissue but some seem to be differentially expressed be-
tween the strains (Fig. 7). None of the 5p and 3p pairs aligned
together to any animal pre-miRNAs found in miRBase, but
two pre-miRNA sequences aligned to the rat genome with
93.1%–96.9% homology (Supplemental Table S6). None
aligned to the human genome. Thus, these miRNAs are novel
and they may be rodent-specific. Since our data set only
contains sequence reads of mature miRNAs, we selected
four candidate pre-miRNAs for validation using PCR amplifi-
cation of cDNA using independent RNA samples from FCx
(Supplemental Table S7). All full pre-miRNAs were expressed
corroborating that they are derived from active miRNA loci.

A

B C

FIGURE 4. Mature miRNAs are frequently edited. (A) Distribution and frequency of RNA–DNA
mismatch positions in canonical mature miRNA and ±3 bases up- and downstream. Editing fre-
quency and Shannon entropy, a measure of DNA diversity, were averaged over miRNAs with ed-
iting in the corresponding position. Editing frequencies correlated well with entropy (R2 = 0.82),
indicating that higher editing frequency is associated with greater diversity in the edited position.
(B) Editing frequency of miRNAs. (C) Distribution of RNA–DNA mismatches separately for the
seed region, anchor sequence, and 3′-tail.
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DISCUSSION

We have performed a comprehensive analysis of genetic
variation within mouse miRNA loci, and determined the
diversity of miRNAs expressed in the mouse brain. By using
WGS data from 36 inbred laboratory and wild-derived
strains, we established that although the functionally impor-
tant regions of the miRNA genes were conserved, 7.0% of
mature miRNAs have SNP variation. Using small RNA se-
quencing of Hpc and FCx we demonstrated that 58.9% of
miRNAs are consistently edited, mostly in a manner compat-
ible with known RNA editing enzymes. A significant propor-
tion of variation in the expressed mature miRNAs was also
due to variation in Drosha and Dicer processing leading to
5′ and 3′ heterogeneity, with Dicer causing significantly
more variation than Drosha, as reported before (Hu et al.
2009).
We found miRNA loci to be highly conserved, implying

that mutations in these genes will likely be deleterious. The

entire pre-miRNA region was on average more conserved
than protein-coding genes, as described before in Cichlid
fish species (Franchini et al. 2016). The strong conservation
of the whole locus reflects the importance of the entire pre-
miRNA sequence in miRNA function, including mainte-
nance of the proper hairpin structure for Drosha and Dicer
processing, mediation of target specificity, and miRNA
stability. The seed was the most conserved region, as previ-
ously observed in humans (Chen and Rajewsky 2006;
Saunders et al. 2007; Quach et al. 2009), and only 2.1% of
miRNAs had SNP variation within the seed. Not surprisingly,
most of this variation occurred in wild-derived strains
because of higher genetic diversity compared to the laborato-
ry strains.
Of the 16 SNPs we observed within the seed, nine were

located within the repetitive Sfmbt2 miRNA cluster that has
expanded relatively recently among rodents through duplica-
tions (Zheng et al. 2011). This situation has likely provided
relaxed selection on miRNA copies allowing mutations to

FIGURE 5. Differences in ADAR seed editing levels between strains and brain regions. ADAR editing frequency is shown for miRNAs with significant
differences between strains or brain regions in two-way ANOVA. Table shows the main effect of strain and brain region, and their interaction. Error
bars denote standard error. (Hpc) Hippocampus, (FCx) frontal cortex.
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produce variable seeds, leading to the opportunity for the
miRNAs to gain new functions. We did not observe compa-
rable occurrence of seed SNPs in a much older large miR-
379/miR-410 cluster (also known as C14MC in humans)
on chromosome 12, with evolution dating back to the com-
mon ancestor of placental mammals (Marty et al. 2016).
However, we observed considerable RNA level variation
within miRNAs of both clusters. miRNAs of the miR-379/
miR-410 cluster were often edited (see below), and four of
the 82 high confidence miRNAs in the Sfmtb2 cluster and
21 of the 86 miRNAs in the miR-379/410 cluster were differ-
entially expressed between the strains. Both Sfmbt2 and miR-
379/miR-410 clusters are imprinted in mouse providing
means for miRNA clusters to convey epigenetic information
to offspring (Wang et al. 2011; Zheng et al. 2011). Both clus-
ters are involved in the regulation of metabolism and emo-
tional behavior in a parent-of-origin-dependent manner
(Marty et al. 2016; Wu et al. 2016).

Although many miRNAs are conserved between species,
new miRNAs emerge in the genome through gene duplica-
tion and from introns of protein-coding genes (Berezikov
et al. 2011; Meunier et al. 2013). We identified 32 putative
novel miRNAs expressed in the mouse brain, and most of

them were coded from introns of protein-coding genes in
line with this notion. Seventeen were expressed (>0.75
CPM) in more than one studied laboratory strain and nine
in all strains, suggesting that they have emerged before the
separation of these strains but after evolution of rodents,
since only two predicted miRNAs aligned against the rat ge-
nome and the rest were mouse-specific.
We detected considerable brain miRNA expression differ-

ences between the six studied laboratory strains as 262 of the
800 expressed miRNAs were significantly differentially ex-
pressed in one (26.0%) or both (6.8%) brain regions.
Furthermore, we observed substantial additional variation
in the expressed mature miRNAs created by consistent
RNA editing and production of multiple isomiRs from a sin-
gle miRNA locus. We observed 58.9% of the expressed
miRNAs to be edited in the brain. The majority of the edits
were located in the 3′ end of the miRNAs likely affecting
miRNA stability as polyadenylation generally promotes

FIGURE 6. RNA-edited miRNAs acquire novel target mRNAs not rec-
ognized by the unedited form. Relative levels of luciferase activity (fire-
fly/Renilla luciferase ratio) after cotransfecting HEK293FT cells with
either the edited form of the miRNA (mimic containing A) or the non-
edited reference form (mimic containing G) and the target site sequence
predicted for the edited miRNA. For all the analyses, the miRNA effect
was compared with the negative control miRNA effect. We performed
two independent experiments for each miRNA and carried out two-
way ANOVA adjusting for the assay batch. Pairwise comparisons were
calculated with Tukey HSD, adjusting for multiple testing. Five of seven
tested alternative targets were significantly silenced by the edited form of
the miRNA, but not the reference form. (∗) P < 0.05, (∗∗) P < 0.01, (∗∗∗)
P < 0.001. Grin2a, NMDA2A ionotropic glutamate receptor; Sgms1,
sphingomyelin synthase 1; Tcf12, transcription factor 12; Homer1, ho-
mer scaffolding protein 1; Slc6a6, solute carrier family 6 (neurotrans-
mitter transporter, taurine), member 6; Gars, glycyl-tRNA synthetase;
and Rlim, ring finger protein, LIM domain interacting.

FIGURE 7. Predicted novel miRNAs and their expression levels in hip-
pocampus (Hpc) and frontal cortex (FCx). (CPM) Counts per million.
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stability and polyuridylation degradation (Chung et al. 2017).
The most common pattern in the 5′ and seed regions was
consistent with ADAR activity, which was responsible for
37.4% of all events. ADAR compatible editing is the most
common editing form in the whole-brain mRNAs of inbred
mouse strains, with more than 80% of edited reads compat-
ible with ADAR activity (Danecek et al. 2012). In humans,
ADAR activity is estimated to affect 16% of pri-miRNAs
(Kawahara et al. 2008). We found nine editing events within
the miRNA seed, all previously described in the mouse or hu-
man with similar editing frequencies (Kawahara et al. 2008;
Chiang et al. 2010; Ekdahl et al. 2012; Vesely et al. 2012,
2014). Four seed-edited miRNAs belong to the miR-379/
miR-410 cluster and are highly enriched in neurons com-
pared to other brain cell types (Jovicǐc ́ et al. 2013). We estab-
lished that the editing frequencies of miR-376b-3p, miR-
376c-3p, and miR-411-5p differ significantly between the
six strains and brain regions (Fig. 5). They are all known tar-
gets of ADAR and the editing sites are conserved between
mouse and human (Warnefors et al. 2014), suggesting they
have functional importance in the brain that dates back to
the common ancestor of these taxa. Although editing
frequencies can differ significantly between tissues, many ed-
iting sites are conserved across mammals (Vesely et al. 2014),
supporting the relevance of mouse as a model to investigate
consequences of brain RNA editing for traits shared with
humans.
Another layer of diversity is provided by the expression of

isomiRs, mature miRNAs produced from the same hairpin
but differing in their 5′ and 3′ termini or having RNA editing.
They can be due to variation in Drosha and Dicer processing
and nontemplated 3′ nucleotide additions (for review, see
Berezikov et al. 2011). While we detected a large number
of isomiRs, most sequence reads typically mapped to a few
highly expressed isomiRs. miRBase canonical miRNA se-
quence is defined as the most highly expressed isomiR of
the first experiment in which the miRNA was described. In
our brain miRNA expression data, the miRBase canonical se-
quence was the most highly expressed isomiR of 60% of
miRNAs. For 12% of brain expressed miRNAs the canonical
sequence was not among the top five most expressed
isomiRs. Overall, our finding on the production of numerous
isomiRs from a single locus agrees with recent work on ret-
inal miRNAs (Karali et al. 2016) and supports the notion
that instead of focusing on canonical miRNAs, the full diver-
sity of expressed isomiRs should be considered (Desvignes
et al. 2015).
What are the functional consequences of miRNA seed

SNPs, isomiRs, and seed editing? While the 3′ end of the ma-
ture miRNA is considered to contribute relatively little to the
target specificity, variation in the 5′ end that changes the seed
position, and SNPs or RNA editing in the seed sequence are
expected to have a larger effect. In the case of 5′ isomiRs, seed
shifting may be a mechanism for miRNAs to acquire diver-
gent function, such as in the case of Nematostella and bilater-

ian miR-100 (Grimson et al. 2008). We observed several seed
SNPs between the mouse strains and seed editing that were
predicted to affect target specificity. In the cases where the
SNP or editing event was observed at the end of the seed,
the predicted target often remained the same, but having a
1 nt shorter seed, possibly leading to weaker targeting. If
the SNP or editing event was located in the middle of the
seed, the overlap of the predicted targets for the two alterna-
tive alleles was small.
To demonstrate the functional effect of seed editing, we ex-

amined three miRNAs from the miR-379/miR-410 cluster
and their editing sites that are conserved between mouse
and human. Previously, RNA editing of miR-376a within
the cluster was shown to change its target gene repertoire
(Kawahara et al. 2007). The deletion of the entire cluster af-
fects anxiety-like behavior in mice (Marty et al. 2016), a phe-
notype regulated by FCx and Hpc and segregating in the six
mouse strains we studied (Hovatta et al. 2005). We demon-
strated that edited forms of 376b-3p, miR-376c-3p, and
miR-411-5p that were all differentially edited between the
mouse strains and brain regions, gained the ability to inhibit
the expression of novel targets, also expressed within the
same brain regions. Thus, RNA editing may have consider-
able functional significance to the gene regulatory networks
of the miR-379/miR-410 cluster members and thereby mod-
ulate the phenotypes these miRNAs regulate. Demonstrating
the RNA editing effect on a network level remains challeng-
ing due to technical limitations, but editing can have func-
tional importance also when occurring outside the seed
region, and it may alter miRNA binding properties, stability,
processing, and expression levels of mature miRNAs
(Kawahara et al. 2008; Zhang and Zeng 2010).
To conclude, we demonstrate that miRNA loci were

strongly conserved between 36 inbred mouse strains, but
even the highly conserved seed region contained 16 SNPs, al-
though 13 were found only in wild-derived strains. In con-
trast, strain variation had a substantial impact on miRNA
expression and most miRNA loci produced several isomiRs
and/or were post-transcriptionally edited in a strain or brain
region-dependent manner. miRNAs may therefore provide
an example of contrasting selective regimes within the mouse
genome, with purifying selection at the level of genes but di-
versifying selection at the level of miRNA expression. The
laboratory mouse strains have been created by selective
breeding but the mechanistic processes underpinning
miRNA function are the same as in natural populations.
Our findings provide the first comprehensive analysis of
SNP, isomiR, and RNA editing variation in miRNA loci
across inbred mouse strains, and a detailed catalog of ex-
pressed miRNAs in Hpc and FCx in six commonly used
strains. These findings will facilitate the molecular analysis
of neurological and behavioral phenotypes in inbred mouse
strains and the crosses created using them, such as the
Diversity Outbred or Collaborative Cross strains (Churchill
et al. 2004, 2012).
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MATERIALS AND METHODS

SNP variation in miRNA genes

We downloaded the publicly available variant call data generated as
part of the Mouse Genomes Project from 36 inbred mouse strains
(http://www.sanger.ac.uk/science/data/mouse-genomes-project;
Supplemental Table S1). These data contain sequence variation rel-
ative to the C57BL/6J mouse reference genome.

We analyzed genomic variation in high-confidence mouse
miRNA loci of miRBase release 21 (www.mirbase.org), including
405 pre-miRNA loci giving rise to 809 mature miRNAs. To estimate
sequence variability of genetic regions of interest with length L, we
calculated length-normalized per mille sum of position-wise nucle-
otide divergence π over positions i:

p =
∑n

i=1
pi ∗ 1000

( )
/L,

using VCFtools v0.1.13 (Nei and Li 1979; Danecek et al. 2011).
From variation estimates of the 5′ and 3′ flanking regions, we ex-
cluded clustered miRNAs and miRtrons due to overlap with other
miRNAs or exons (remaining n = 177). We also analyzed the degree
of DNA variation from a random subset of 60-bp intergenic non-
coding fragments (n = 388) and protein-coding exons (n = 500).

We manually inspected all seed SNPs and omitted two as likely
false positives due to alignment issues. We observed two different al-
leles of the multicopy miR-669a in the PWK/PhJ and SPRET/EiJ
strains (chr2:10479332, chr2:10501360; Supplemental Table S2).
At the same time, there was a deletion in this locus compared to
the reference C57BL/6J strain, suggesting complex genetic rear-
rangements that are challenging to resolve with short read data
(http://www.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1505).

We classified miRNAs based on whether their pre-miRNA coor-
dinates overlapped completely an exon or intron of a protein-coding
gene using GRCm38/mm10 genome annotation and BEDtools
v2.17.0 (Quinlan and Hall 2010). In case of annotation to multiple
features, annotation to CDS was selected over UTR, and UTR
over intron. We defined miRtrons as described in Ladewig et al.
(2012).

RNA sequence data

We conducted miRNA-seq of FCx and Hpc from 7-wk-old male
mice (The Jackson Laboratory) of six strains: A/J, 129S1/SvImJ,
C57BL/6J, C3H/HeJ, DBA/2J, and FVB/NJ, three animals per strain.
Mice were singly housed for one week before dissections and killed
by cervical dislocation between 8 a.m. and 11 a.m. Dissections were
performed on a Petri dish filled with ice. FCx included 2 mm of the
anterior part of the cortex. The Hpc was dissected whole. Samples
were directly frozen in liquid nitrogen and stored in −80oC. We ex-
tracted total RNA with TriReagent according to the manufacturer’s
instructions and verified its quality by the Agilent Bioanalyzer Small
RNA Analysis and RNA 6000 Nano Kits. We prepared the sequenc-
ing libraries with the TruSeq Small RNA Library Preparation Kit
(Illumina), enriched the libraries for miRNA inserts by size selection
using the S2 ultrasonicator (Covaris), and sequenced (single-end,
101 bp) them on Illumina HiSeq 2000 (Illumina) by the Finnish
Institute for Molecular Medicine (FIMM) Technology Centre.
Data distribution is presented in Supplemental Table S8.

We pre-processed miRNA-seq reads keeping adapter clipped
reads of 17–32 bp and containing no unknown nucleotides. We
aligned them to the mouse reference miRNAs (miRBase v21) using
miRDeep2 (Friedländer et al. 2008) and SeqBuster (Pantano et al.
2010), and to the mouse genome (GRCm38) using bowtie v1.1.1
(--all - -strata - -best) (Langmead et al. 2009), allowing three align-
ment mismatches due to miRNA and strain variability.

miRNA and isomiR expression

To quantify expression levels, miRDeep2 read counts were normal-
ized with the limma package and voom (Smyth 2004; Law et al.
2014), and Hpc samples were batch-adjusted using the ComBat
function of the package SVA (Johnson et al. 2007; Leek and Storey
2008) in R. Differences in normalized expression levels were deter-
mined by the DFP package (Glez-Peña et al. 2009), followed by one-
way ANOVA, and P-values were adjusted for multiple testing using
the Benjamini–Hochberg method (Benjamini and Hochberg 1995).
Heat map was drawn from the statistically most significant differen-
tially expressed miRNAs (adjusted P≤ 0.001) using z-scores as it
scales better for plotting than more variable fold change.

To determine 5′ and 3′ isomiR variation, we analyzed SeqBuster
alignments for reads mapping uniquely to high-confidence
miRNAs, and having a frequency of at least 10 reads combined
across all samples. By limiting the analysis to high-confidence
miRNAs, we wanted to focus on miRNAs with real functional im-
portance and to limit the chance of unreliable calls to skew results.

To analyze 5′ variation due to Drosha and Dicer processing, we
examined miRNA 5′ start site differences in 5p and 3p arms of
406 (in Hpc) and 408 (in FCx) high-confidence miRNAs with
both arms listed in miRBase. Based on the miraligner results, reads
were separated to canonical 5′ cut sites and alternative 5′ sites, and a
ratio between their frequencies was calculated per miRNA. P-values
for the differences between the 5p and 3p arms were calculated in R
using the Wilcoxon rank sum test.

miRNA editing

We called RNA–DNA mismatch positions from unique genome
alignments using FreeBayes v0.9.21 (Garrison and Marth 2012) in
pooled-continuous mode. To call edited positions we required at
minimum 10 high-quality bases (Phred≥ 20) supporting the refer-
ence base and alternative calls with at least 5% frequency for both,
and including only variant calls of Phred≥ 30. The RNA–DNAmis-
matches originating from the correct strand in each miRNA locus
were annotated to mature miRNAs and to the three bases from
the canonical miRNA start and end positions. We omitted 19
RNA–DNA mismatches from the analysis as they coincided with
known SNPs between the strains and one that was called due to
an indel in the C3H/HeJ strain. In addition, manual curation of
RNA–DNA mismatches in functionally important regions overlap-
ping the seed and anchor sequences led us to remove four editing
events, which were likely called due to misalignments between
miRNAs with nearly identical sequence.

To further validate the seed-located RNA editing events, we car-
ried out Sanger sequencing of genomic DNA (Jackson Laboratory)
from all six strains. We PCR-amplified the genomic locus 50–150 bp
around the mature miRNA gene using Phusion High-Fidelity PCR
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mix (Thermo Scientific) and sequenced the amplicons using
ABI3700 capillary sequencer (Applied Biosystems).
To calculate the magnitude of miRNA editing, we calculated for

each variable position the average editing frequency and average
Shannon entropy H:

H = −
∑4
i=1

pi× log( pi)
( )

/n,

where pi is the frequency of each of four nucleotides i at the miRNA
position and n is the total number of miRNAs with variation at the
position.

Target prediction

We performed target predictions using TargetScanMouse v7.1 for
all miRNAs that had seed SNPs (n = 16) or editing events (n = 9).
No conservation or context++ scores were used. To limit the pre-
dicted targets to those expressed in the corresponding brain region,
we built a custom set of expressed UTRs based on mRNA sequence
alignment files from the same total RNA samples as used inmiRNA-
seq. We computed transcript predictions with Cufflinks v2.2.1 using
alignment files produced with TopHat 2.0.0 (Trapnell et al. 2009) to
the mouse genome (NCBIM37). We subtracted protein-coding ex-
ons from these predictions and selected UTR-matching expressed
sequences from the M1 encode gene map with BEDtools v2.17.0
and custom R-scripts, assigning each predicted transcript to the
transcript UTR with which it had the longest overlap of coordinates.
This resulted in 21059 UTR-overlapping sequences on the same
strand as the coding gene region.

Reporter gene assays

We carried out target prediction using TargetScan and miRDB v5.0
(Wong andWang 2015; Wang 2016) for edited and canonical forms
of miR-411-5p, miR-376c-3p, and miR-376b-3p. We selected tar-
gets for reporter gene assays using the following criteria: (i) predict-
ed by both algorithms; (ii) predicted to be targeted by the seed-
edited, but not the canonical miRNA; and (iii) reported importance
for brain function. This resulted in the following targets: miR-411-
5p (fourth seed base A-to-G; targetsGars, Rlim), miR-376c-3p (fifth
seed base A-to-G, targets Homer1, Slc6a6), and miR-376b-3p (fifth
seed base A-to-G; targets Grin2a, Sgms1, and Tcf12). Target
sequence together with approximately ±30 bp flanking sequence
were cloned into pmirGLO dual-luciferase expression vector
(Promega). Vector constructs (100 ng) and miRNA or negative con-
trol mimics (1 µmol, Dharmacon) were reverse co-transfected using
DharmaFECT Duo (0.12 µL/well; Dharmacon) to HEK293FT cells
cultured in 70 µL of DMEM medium on 96-well plates. Each assay
was done in six replicates and repeated twice. Cells were grown for
40 h, and the signal of primary reporter including miRNA target se-
quence in 3′-UTR (luc2) and control reporter (hRluc-neo) were
quantified with Dual-Luciferase Reporter Assay System (Promega)
using EnSpire2300 plate reader (PerkinElmer). Data were analyzed
with two-way ANOVA and Tukey HSD pairwise comparisons in
R. We used DISC1 UTR construct and siRNA (Rossi et al. 2014)
as a positive control on each reaction plate, and it silenced the
Renilla luciferase calibrated firefly luciferase signal on average by
67.3% (P < 2 × 10−16).

Identification of novel miRNAs

We predicted novel miRNAs with miRDeep2 v0.0.7 (Friedländer
et al. 2008) and sRNAbench (sRNAtoolbox v1.0; Rueda et al.
2015) using 633 million miRNA-seq reads from the Hpc and FCx
of the six strains. Predictions were done with all read data combined
for greatest sensitivity. To consider a reported locus as a candidate
novel miRNA, we required overlap of pre-miRNA coordinates by
>90% by both software and designation as high-quality prediction
by sRNAbench or score >5 in miRDeep2. These candidates were
then investigated for their confidence based on miRBase criteria
(Kozomara and Griffiths-Jones 2014). To detect origin of the pre-
dicted novel miRNAs, we aligned read libraries individually to the
predicted miRNAs using bowtie v1.1.1. To detect homology with
known miRNAs, we aligned the predicted 5p and 3p miRNAs to
the miRBase pre-miRNA sequences of all mammalian species
with bowtie, allowing three mismatches after trimming three 3′ bas-
es, and to rat (RGSC 6.0/rn6) and human (GRCh38/hg38) genomes
with NCBI BLAST.
We chose four candidates for validation using PCR amplification.

One µg of total RNA, extracted from FCx of C57BL/6J strain using
TriReagent (MRC Inc.), was treated with 1 U DNase I (Thermo
Scientific) and converted to cDNAusing the iScript first strand select
cDNA synthesis kit (Bio-Rad) with pre-miRNA-specific primers.
Unincorporated primers were removed from cDNA reactions
with NucleoSpin PCR purification columns (Macherey-Nagel) and
cDNAwas PCR-amplified using the Phusion enzymewith GC buffer
(Thermo Scientific). Amplification products were length-separated
on a 2.5% agarose gel by electrophoresis and cloned into the
pCR2.1 vector (Invitrogen). Inserts were Sanger sequenced to con-
firm identity with the predicted pre-miRNA.

DATA DEPOSITION

The miRNA-seq data set and variant call table for miRNA–DNA
mismatches are available in the GEO repository (http://www.ncbi.
nlm.nih.gov/geo/), accession number GSE84408.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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