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Abstract

Mammalian oocytes and eggs are transcriptionally quiescent and depend on post-transcriptional

mechanisms for proper maturation. Post-transcriptional mRNA modifications comprise an impor-

tant regulatory mechanism that can alter protein and miRNA recognition sites, splicing, stability,

secondary structure, and protein coding. We discovered that fully grown mouse germinal vesicle

oocytes and metaphase II eggs display abundant inosine mRNA modifications compared to

growing oocytes from postnatal day 12 oocytes. These inosines were enriched in mRNA protein

coding regions (CDS) and specifically located at the third codon base, or wobble position. Inosines,

observed at lower frequencies in CDS of somatic tissues, were similarly enriched at the codon

wobble position. In oocytes and eggs, inosine modifications lead primarily to synonymous changes

in mRNA transcripts. Inosines may ultimately affect maternal mRNA stability by changing codon

usage, thereby altering translational efficiency and translationally coupled mRNA degradation.

These important observations advance our understanding of post-transcriptional mechanisms

contributing to mammalian oocyte maturation.

Summary Sentence

Inosine mRNA modifications in germinal vesicle oocytes and MII eggs alter codon composition

and may affect translational efficiency and translationally coupled mRNA degradation.



Inosine RNA modifications in oocytes, 2019, Vol. 101, No. 5 939

Key words: oocyte, inosine, RNA modifications, ADAR RNA editing, post-transcriptional regulation

Introduction

The mammalian oocyte has a unique physiological environment
because it exhibits high transcriptional activity during growth, fol-
lowed by transcriptional quiescence when it is stimulated to resume
meiosis [1,2]. To maintain cellular processes throughout meiotic
maturation, fertilization, and activation of the embryonic genome,
the oocyte relies on previously transcribed and stored RNA. Thus,
post-transcriptional gene regulation and translational control have
increased importance in oocytes and are essential to generate high-
quality female gametes [3].

RNA modifications are a common form of post-transcriptional
regulation, with more than 50 described in mammals [4]. Of partic-
ular interest are RNA modifications that can result in the recoding
of mRNA sequence. Currently, the RNA modification most effi-
cient at recoding is inosine. Inosines are formed by deamination of
adenosine and can recode RNA to affect codons, splice sites, RNA
secondary structure, and RNA recognition motifs [5]. Inosines within
mRNA can impact transcript abundance and translational efficiency,
increase proteome diversity, and prevent detection of cellular RNA as
foreign, thus limiting an interferon response [6–12]. Recent studies
demonstrated that both human and mouse oocyte RNA contain ino-
sine modifications [13,14], but the landscape of RNA modifications
within the stored RNA pool has not been critically examined.

Inosines arise in RNA by the deamination of adenosine, which
is catalyzed by a family of highly conserved double-stranded RNA
(dsRNA)-binding proteins, adenosine deaminases acting on RNA
(ADARs) [15–17]. Mammals have three ADAR genes: adenosine
deaminase, RNA-specific (Adar); adenosine deaminase, RNA-
specific, B1 (Adarb1); and adenosine deaminase, RNA-specific, B2
(Adarb2), encoding the proteins ADAR, ADARB1, and ADARB2,
respectively [6]. ADAR and ADARB1 are enzymatically active and
deaminate dsRNA, whereas ADARB2 has no reported enzymatic
activity [18]. Adar is ubiquitously expressed in tissues, while Adarb1
is expressed predominantly in the brain [19,20]. Targeted deletion
of Adar in mice results in embryonic lethality due to defective organ
development coupled with a systemic interferon response induced by
a transcriptome-wide reduction in inosine-containing RNA [21–23].
Consistent with its expression profile, knockout of Adarb1 resulted
in loss of a site-specific inosine within Gria2 mRNA in neurons,
resulting in seizures and death before postnatal day 20 [24]. While
inosine residues within oocyte RNA indicate the presence of an
adenosine deaminase enzymes, the abundance of Adar, Adarb1, and
Adarb2 within oocytes has not been described.

Due to the unique attributes of transcriptional quiescence in the
oocyte, understanding the complete landscape of RNA modifications
within the stored RNA pool will be critical to our understanding
of oocyte biology. By assessing inosine modifications in the tran-
scriptionally active and transcriptionally inactive oocyte and egg, we
have begun to unravel how this singular RNA modification changes
during oocyte maturation and how it may potentially affect oocyte
mRNA stability and translation during oocyte maturation.

Methods

Oocyte and egg collections

Three biological replicates of postnatal day 12 (PND12) oocytes
(6 oocytes per mouse, n = 3) were isolated from the ovaries of

wild-type C57BL/6J female animals. PND12 ovaries were incubated
with collagenase I (0.1%, v/v, Worthington Biochemical Corpo-
ration, Lakewood, NJ) for 30 min to dissociate oocytes. During
incubation with collagenase, the ovaries were pipetted up and down
every 10 min to facilitate dissociation and then washed through
several droplets of culture medium without collagenase. Oocyte
RNA was extracted using the PicoPure RNA Isolation Kit (Thermo
Fisher Scientific, KIT0204). Germinal vesicle oocytes were collected
from 21-day-old wild-type C57Bl/6J females stimulated with preg-
nant mare’s serum gonadotropin (PMSG). Germinal vesicle (GV)
oocytes were maintained in FHM HEPES Buffered medium (Gibco)
containing 2.5 μM milrinone to block spontaneous maturation. GV
stage oocytes were manually stripped clean of cumulus cells and the
zona pellucida removed by brief exposure to acid tyrode’s, prior to
extraction of total RNA with TRI Reagent (Ambion). To collect MII
eggs, groups of GV oocytes were in vitro matured in the absence of
milrinone for 16 h. GV oocytes and MII eggs with visible polar bodies
were lysed in groups of 30, directly in SDS sample buffer, with 5% β-
mercaptoethanol in preparation for western blot analyses. Mice were
maintained in environmentally controlled facilities in the University
of Kansas Medical Center (KUMC) in a room with a 14-h light, 10-h
dark cycle (7 am to 9 pm) with ad libitum access to food and water.
All animal procedures were performed according to an approved
KUMC Institutional Animal Care and Use Committee protocol.

Library preparation and RNA sequencing of postnatal

day 12 oocytes

RNA-seq libraries for the PND12 oocytes were prepared following

the Nugen Ovation Ultralow Library Systems Protocol (Nugen
®

,

Ovation
®

Ultralow Library Systems User Guide, M01219 v6).
Briefly, first-strand and second-strand cDNA synthesis was
conducted and purified using Agencourt RNAClean XP beads
(Beckman Coulter, A63987). cDNA products were then amplified
using SPIA amplification and purified using Qiagen MinElute
Reaction Cleanup Kit (Cat# 28204). Amplified cDNA was then
fragmented using a Covaris S2 Ultrasonicator and digested using
S1 Nuclease treatment. DNA was purified, end repaired, ligated to
adaptors, and amplified. The resulting libraries were analyzed on a
Bioanalyzer DNA Chip 1000. Fragment distribution was between
150 and 200 base pairs. RNA-seq was performed using single-end
Illumina HiSeq 4000. These raw data have been deposited in SRA
SRP133083 and are available for sharing.

Sources of germinal vesicle and metaphase II

RNA-seq datasets

Wild-type GV oocyte and MII egg RNA-seq data were identified
by searching the Gene Expression Omnibus and downloaded from
the Sequence Read Archive using SRAdb [25]. Wild-type GV oocyte
RNA-seq data were from dataset SRP057558 [26]. The authors of
this study demonstrated the high quality of isolated GV oocytes by
showing that contemporary oocytes were fully grown, meiotically
competent and exhibited successful nuclear envelope breakdown
and polar body extrusion [26]. Wild-type MII oocyte RNA-seq data
were from datasets SRP034543 [27] and SRP065556 [28]. These
samples reflect MII eggs isolated from the oviduct following in
vivo maturation. PCA of transcriptionally active PND12 oocytes,
and fully grown transcriptionally quiescent GV oocytes and MII
eggs demonstrated that the samples were transcriptionally distinct
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(Supplementary Figure S2E). Control somatic tissue RNA-seq data
were obtained from the ENCODE database [29]. Wild-type and
AdarE861A/E861A mutant brain RNA-seq data were obtained from
SRP098703 (adult SRP098702) [30].

Western blotting

Lysed oocyte and egg samples were subjected to electrophoresis using
10% SDS-PAGE in running buffer at a constant 120 V for 1 h. Pro-
teins were electro-transferred onto PVDF membranes 350mA for 1 h
at 4 ◦C and blocked with 5% (w/v) skim milk in Tris-buffered saline
with 0.05% (v/v) Tween-20 (TBST) for 1 h at room temperature.
Membranes were then probed with primary anti-ADAR1 (1:1000;
sc-73408, Santa Cruz, Dallas, TX) or anti-Actin (1:5000; sc-1616,
Santa Cruz, Dallas, TX) antibody overnight at 4 ◦C in TBST/BSA
(50 mM Tris, 150 mM NaCl, 0.05% Tween20, 1.5% BSA) followed
by incubation with secondary antibodies (mouse IgG HRP clone
NA931V, GE Healthcare Life Sciences, Pittsburgh, PA; or goat IgG
HRP, clone sc-2020 Santa Cruz) for 2 h at room temperature in
blocking buffer. Membranes were washed three times in TBST and
detected by enhanced chemiluminescence (Thermo Fisher Scientific,
Waltham, MA).

Transcript abundance analysis

Sequence alignment and transcript abundance calculations for
PND12 oocytes, GV oocytes, MII eggs, and mouse somatic tissues
were performed by aligning raw RNA-seq reads against mus
musculus (mm10) transcripts curated from RefSeq using Kallisto
with the following settings: kalisto quant -t 31 -b 100. Differential
transcript abundance was calculated using Sleuth in R [31–33].

Validation of identified inosine modification sites

Total RNA was treated with DNase I (Thermo Fisher Scientific,
AM2222) followed by cDNA generation using Superscript III
(Thermo Fisher Scientific, 18080044) and oligo dT20 primers
(Thermo Fisher Scientific, 18418020). Genomic DNA was isolated
from tail clips of wild-type C57Bl/6J mice using REDExtract-N-
AmpTM Tissue PCR Kit (SigmaAldrich, XNAT-100RXN). Genomic

DNA and cDNA were amplified using Phusion
®

High-Fidelity DNA
Polymerase (NEB, M0530). PCR reactions were purified using
AMPure XP (Beckman Coulter, A63987) bead purification and
Sanger sequenced or cloned using the Zero BluntTM TOPOTM PCR
Cloning Kit (Thermo Fisher Scientific, K286020). Transformations
were grown on LB + Kanamycin at 37 ◦C overnight. Individual
colonies were picked and grown in liquid culture, LB + Kanamycin,
overnight at 37 ◦C. Plasmid DNA was extracted from liquid culture
using QIAprep Spin Miniprep Kit (Qiagen, 27104). Individual clones
were Sanger sequenced using M13 Fwd and M13 Rev primers
at GeneWiz (Boston, MA). Primer sequences used in validation
Sanger sequencing: Rpa1-F:AAGTACCACTGGTGGCCAGA,
Rpa1-R:GGCTAATTAATTGCTTTCCAGTT; Mdc1-F:CCTTCTCA
GACCATCGAACAG; Mdc1-R:TGAAGTGAAATTCATAAAGCAA
AAA; Wdr37-F:TCACTGATGTTCCTTAGCTCCA, Wdr37-R:AAA
TGCACTTTTCCCTCAAAAA; Mad21l-F:AGACGGTGAGGAAAA
GGATG, Mad21l-R:GCATCAACTGCTTTGTGAGC; Cep85-F:
GGAGTGCCAGGGAGGACTTA, Cep85-R:TGTAATCAAAATAG
GCAATACAAACC.

Identification and consequence analysis of inosine

RNA modifications

We identified putative inosine RNA modifications utilizing a
combination of the HISAT2 aligner, the Genome Analysis Tool
Kit (GATK), and Ensembl Variant Effect Predictor (VEP) [34–36].
Inosines appear as A-to-G substitutions when comparing RNA-seq
data to a reference genome [37]. HISAT2 was used to map raw RNA-
seq reads to a mus musculus index built from GRCm38 containing
common SNP annotation from dbSNP. Default settings for HISAT2
were used for each type of library aligned (i.e., single-end, paired-
end, or stranded, Supplementary Table S2) [35]. Prior to alignment,
fastq files were checked for adaptors and trimmed if necessary,
using Trimmomatic [38]. The default alignment settings for HISAT2
will report at most 10 valid primary alignments, and we did not
increase the amount of multimapping allowed. HISAT2 reports
valid alignments that are at or above the minimum alignment score
determined by the function f (x) = 0 + −0.2 x, where x is the length
of the read. Mismatches in the alignment were subtracted from
the alignment score, reads that fell below the minimum alignment
score were not reported. Overall alignment rates with HISAT2
were between 79 and 98% (Supplementary Table S2). RNA/DNA
differences were called using the Genome Analysis Toolkit (GATK)
RNA-seq variant pipeline with modifications [39]. The program
elprep was used to sort, mark duplicates, and index RNA-seq
reads (Supplemental Methods).

Known SNPs were filtered out using Mouse Genomes Project
database, Wellcome Trust Sanger Institute mouse strains [40]. Strand
information of the variant was inferred from the gene model using
Ensembl VEP [34]. VCF files were filtered on allelic depth (AD > 0)
and used as input for Ensembl VEP [34]. VEP was used to identify
inosine modified transcripts, categorize the location within the tran-
script, and determine consequence of inosines on coding capacity.
Only inosine sites occurring in transcripts with TPM ≥ 1 and having
an AD greater than 0 were reported. A transcript was considered to
be inosine modified if it contained at least one inosine site. R sta-
tistical computation software with the following packages was used
to parse VEP output: sleuth, biomaRt, dplyr, plyr, AnnotationFuncs,
org. Mm.eg.db, ggplot2 [33,41–43].

Statistics

Statistical analyses were performed using R and Prism 7.0. Results of
multiple repeats (number of “n”is presented in figure legends or text)
are presented as means ± SEM. Bartlett’s tests were done to ensure
equal variance among treatment groups. If data were normally
distributed, parametric tests were used. If data showed a variance
outside of normal, a non-parametric test was used to determine if sta-
tistical differences existed. In cases where only two treatment groups
existed, differences were determined by a parametric, unpaired t-
test or a non-parametric, unpaired t-test (Mann-Whitney U test). To
determine statistical differences between groups with more than two
treatment groups, one-way analysis of variance (ANOVA) followed
by Tukey’s multiple comparison tests were used, or non-parametric
Kruskal-Wallis test with Dunn’s multiple comparisons test were
performed. In samples with two variables, a two-way ANOVA
followed by Tukey’s multiple comparison tests was performed. χ2

tests were used where appropriate to determine observed versus
expected significance and to test differences in populations. Values
of P < 0.05 were considered significant.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
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Figure 1. ADAR is predominantly expressed in mouse GV oocytes and MII eggs. (A) Isoform transcript abundance of Adar variants 1, 2, and 3 in PND12 oocytes,

GV oocytes, and MII eggs; TPM: transcripts per million. (B) Micro-western dot blot of ADAR and ACTIN in PND12 oocytes, GV oocytes, and MII eggs; n = 30

cells per lane, in 2 μL. a,bMeans ± SEM within a panel that have different superscripts were different (P < 0.05); Kruskal-Wallis test followed by Dunn’s multiple

comparison tests.

Detailed line commands for elprep and GATK, equations for the
inosine RNA modification false-positive rate, and equations for ino-
sine RNA modification efficiency are provided in the Supplemental
Methods.

Results

ADAR is the predominant adenosine deaminase

detected in mouse oocytes

To establish which adenosine deaminases were present in oocytes,
we first assessed transcript abundance of the adenosine deaminase
family members in transcriptionally active PND12 oocytes and fully
grown transcriptionally quiescent GV oocytes and MII eggs. In
mice, Adar can generate three mRNA isoforms: transcript variants
1 and 3 encode ADAR p150 and transcript variant 2 encodes
ADAR p110 (Supplementary Figure S1). Adar transcript variant 2
was the only adenosine deaminase transcript to exhibit significant
differential abundance in oocytes and eggs (P < 0.05, one-way
ANOVA; Figure 1A). Transcript abundance of the remaining adeno-
sine deaminases, Adarb1, Adarb2, and two related but enzymatically
deficient enzymes, adenosine deaminase domain containing 1 (testis
specific) (Adad1), and adenosine deaminase domain containing 2
(Adad2) were undetectable or low and not significantly distinct,
respectively (Supplementary Figure S2). In contrast, somatic tissues
(colon, heart, large intestine, and stomach) expressed all of the Adar
family genes (Supplementary Figure S2). Consistent with transcript
abundance, ADAR p110 protein was observed in GV oocytes and
MII eggs (Figure 1B), with minimal detection in PND12 oocytes. We
were unable to detect ADAR p150 protein (Figure 1B). These results
indicate that Adar/ADAR is most abundant in transcriptionally
inactive, fully grown GV oocytes and MII eggs.

Identification of inosine sites within mRNA in mouse

oocytes and eggs

In order to validate our computational approach to identify
inosine sites, we used RNA-seq data from catalytically inactive
AdarE861A/E861A brain tissue, which show global reductions of inosine
within the transcriptome [30,44]. Total inosine RNA modification
sites in brain tissue of the AdarE861A/E861A mice (14058 ± 1313;
mean ± SEM) was half of control Adar+/+ mice (25801 ± 1068;
P < 0.05, two-way ANOVA). Note that this reduction in inosine
sites was not expected to be a complete loss, as brain tissue
contains significant ADARB1 mediated inosine RNA modifications

(Supplementary Figure S3A) and [45]. Consistent with previous
studies, the estimated error rate for the inosine detection pipeline
was 0.97% ± 0.05% and 4.05% ± 0.02% for AdarE861A/E861A

and control Adar+/+ brain tissue, respectively [37,46]. Overall,
these analyses support our approach for identifying inosine within
RNA-seq data.

Analysis of oocyte and egg RNA-seq data revealed an abun-
dance of inosine-containing transcripts (Figure 2A). Similar to our
observation in brain tissue, the estimated error rate for inosine site
detection was 5.94% ± 0.18% for PND12 oocytes, 4.42% ± 0.08%
for GV oocyte, and 4.76% ± 0.42% for MII eggs. Notably, fewer
inosine-containing transcripts were observed in PND12 oocytes (363
± 24; mean ± SEM), consistent with the minimal ADAR protein in
these oocytes compared to GV oocytes (2540 ± 59) and MII eggs
(1468 ± 194; P < 0.05, one-way; Figure 2A). Similar results were
observed when data was depicted as inosine sites per gene, rather
than per transcript (Supplementary Figure S4A and B). Additionally,
we tested whether the increase in inosine-containing transcripts in
GV oocytes and MII eggs represented a population of transcripts
not present in PND12 oocytes. We observed that the total number
of unique transcripts, and genes, detected in GV oocytes and MII eggs
was greater than in PND12 oocytes (Figure 2B, and Supplementary
Figure S4C). Common transcripts in all three oocyte stages show a
similar trend (Figure 2C, and Supplementary Figure S4D). Thus, the
increase in inosine RNA modification events observed in GV oocyte
and MII egg mRNA is not due to an overall increase in transcripts
present but strongly correlates with ADAR abundance within these
oocyte stages (Figure 1B). To validate the presence of inosine within
mRNA, Sanger sequencing on five identified genes, replication pro-
tein A1 (Rpa1), mediator of DNA damage checkpoint 1 (Mdc1),
WD repeat domain 37 (Wdr37), MAD2 mitotic arrest deficient-like
1 (Mad2l1), and centrosomal protein 85 (Cep85), was completed in
GV oocytes (Figure 2D and E, using two complementary approaches,
SI Appendix). In summary, inosine sites were identified within oocyte
and egg mRNA, were correlated with ADAR activity, and were
confirmed using Sanger sequencing.

Oocyte-specific pattern of inosine RNA modifications

In addition to having the fewest inosine-containing transcripts,
PND12 oocytes had the lowest proportion of the transcriptome
that contained inosine (3.9% ± 0.2%; mean ± SEM), compared
to GV oocytes (20.8% ± 0.5%) and MII eggs (11.3% ±
0.7%; P < 0.05, χ2; Figure 3A). Overall, the proportion of

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
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Figure 2. Inosine modifications predominate in fully grown GV oocytes and MII eggs. (A) Number of unique inosine-modified transcripts identified in PND12

oocytes, GV oocytes, and MII eggs. (B) Total number of unique mRNA transcripts per sample type. (C) Number of inosine-modified transcripts among commonly

detected transcripts. (D and E) Inosine modifications were validated using Sanger sequencing of TOPO-cloned PCR products (D) or total PCR populations (E)

of five genes. Chromosome location is indicated, and the ∗ denotes minus strand of the DNA. a,bMeans ± SEM within a panel that have different superscripts

were different (P < 0.05); significance was determined using one-way ANOVA, followed by Tukey’s multiple comparison tests. Only transcripts with TPM ≥ 1

were analyzed.

inosine-containing transcripts in fully grown oocytes was similar
to mouse somatic tissues (Supplementary Figure S5A). Consistent
with higher levels of ADAR, GV oocytes and MII eggs have an
approximately 2-fold increase in the number of inosine sites per
transcript compared to PND12 oocytes (Figure 3B). We did not
observe a difference in the number of inosines per transcript
among somatic tissues, which express similar numbers of transcripts
(Supplementary Figure S5B and C). In addition, the average number
of transcripts detected per gene was 1.18 and 1.17 for GV oocytes
and MII eggs, respectively (Supplementary Figure S4E), but when
only the inosine RNA-modified genes were considered, the number
of transcripts significantly increased to 4.3 and 2.5 per gene for the
GV oocytes and MII eggs, respectively (P < 0.05, one-way ANOVA;
Supplementary Figure S4F).

To further characterize the nature of inosine RNA modifications
in oocytes, the location (5′ UTR, coding, intron, and 3′ UTR) of
inosines within protein-coding genes was annotated. The highest
amount of inosine sites occurred in the CDS and 3′ UTR regions, and
these proportions were similar at all oocyte stages (Figure 3C, Sup-
plementary Figure S6A and B). In contrast, somatic tissues exhibited
the highest number of inosine sites in intronic regions (Figure 3D,
Supplementary Figure S6C). Thus, mouse oocytes display a unique
distribution pattern of inosine RNA modifications within tran-
scripts.

Consequences of coding region inosine RNA

modifications in mouse oocytes and eggs

Inosines can be recoded by the ribosomal machinery as guansosines,
thus potentially changing the protein sequence [47]. Therefore, to
understand the consequences of inosine RNA modifications, if any,
on the protein coding capacity of GV oocyte and MII egg mRNA,
we calculated the frequency of synonymous and nonsynonymous
changes. Among the nonsynonymous changes, altered stop codons
(stop loss, stop gain, or stop retained) made up less than 0.3%
of coding sequence changes. Therefore, inosine modifications
generating stop codons were excluded from all further analyses.
Coinciding with the increased Adar/ADAR expression in GV oocytes
and MII eggs, synonymous RNA changes also increased (P < 0.05,
χ2; Figure 4A). Interestingly, somatic tissues displayed synonymous
RNA changes similar to that of GV oocytes and MII eggs
(Figure 4B). To confirm that this increase in synonymous changes
was a result of increased inosine RNA modifications, we analyzed
RNA-seq data from AdarE861A/E861A brain tissue. Synonymous
RNA changes dramatically decreased in AdarE861A/E861A brain
tissue, similar to the ADAR-deficient PND12 oocytes (P < 0.05,
χ2; Supplementary Figure S3A and C).

To predict the consequences of the amino acid changes on protein
function, the computational tool, Sorting Intolerant From Tolerant
(SIFT), was used [48]. Inosine mRNA modifications observed in GV

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
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Figure 3. Distinct pattern of inosine modifications in oocytes compared to somatic cells. (A) Proportion of the transcriptome (percentage) that contains inosine

modification within PND12 oocytes, GV oocytes, and MII eggs. (B) Number of inosine modified transcripts exhibiting one or multiple inosines per transcript in

PND12 oocytes, GV oocytes, and MII eggs. Numbers above line indicate the number of inosines/transcript. (C) Number of inosines within specific regions (5′

UTR, CDS, intron, and 3′ UTR) in mRNA of oocytes and eggs, and (D) somatic tissues of C57BL/6 wild-type mice. ∗Means ± SEM within panel A are different (P

< 0.05); significance was determined using χ2 tests. Only transcripts with TPM ≥ 1 were analyzed.
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Figure 4. The consequence of inosines in CDS of mouse oocyte transcripts. (A) Proportion of inosine modifications (percentage) in PND12 and GV oocytes, and

MII eggs that result in nonsynonymous or synonymous changes was determined for all inosine-modified mRNA transcripts. (B) Percent of inosines in a variety of

somatic tissues. (C and D) Proportion of tolerated and deleterious transcripts following Sorting Intolerant From Tolerant (SIFT) analysis of the inosine-modified

mRNA transcripts from oocytes and somatic tissues. ∗Means ± SEM within a panel are different (P < 0.05); significance was determined using χ2 tests. Only

transcripts with TPM ≥ 1 were analyzed.

oocytes and MII eggs had increased tolerated amino acid changes
when compared to PND12 oocytes (P < 0.05, χ2; Figure 4D).
Similarly, somatic tissues exhibited greater tolerated (>80%) ver-
sus deleterious changes (Figure 4E). Comparison of AdarE861A/E861A

and control Adar+/+ brain tissue indicated that loss of inosine
RNA modifications increased the percentage of deleterious changes
(P < 0.05, χ2; Figure 4F). In summary, inosine mRNA modifications
were associated with increased tolerated, synonymous RNA changes
in oocytes, eggs, and somatic tissues.

Enrichment of inosine RNA modifications at the codon

wobble position

The abundance of synonymous changes caused by inosine RNA
modifications led us to investigate transcriptome codon usage.
GV oocytes and MII eggs had 22 and 11 codons, respectively,
that were inosine modified more frequently than in PND12
oocytes (Figure 5A; P < 0.05, two-way ANOVA). The difference in

prevalence of inosine-modified codons across oocyte stages was
not due to changes in abundance of codons (codon bias) within
the transcriptome (Supplementary Figure S7). Inosine modifications
were enriched at the wobble position of codons in GV oocytes
and MII eggs, while PND12 oocytes showed no codon position
enrichment (Figure 5B; P < 0.05, one-way ANOVA). Somatic tissues
also displayed enrichment of inosine RNA modifications at the
wobble position (Figure 5C; P < 0.05, one-way ANOVA). To test
if the observed enrichment of inosine at the wobble position was a
bonafide inosine signature, we compared brain tissue from control
Adar+/+ and AdarE861A/E861A mice. The AdarE861A/E861A brain tissue
lacked enrichment of inosines at the wobble position as observed in
control Adar+/+ brain tissue (Supplementary Figure S3D; P < 0.05,
one-way ANOVA).

Wobble position inosines were enriched in codons with mul-
tiple adenosines such as the AAA, ACA, CAA, and GAA codons
(Figure 5E; P < 0.05, one-way ANOVA). Among the codons with
adenosines at the first and second position, such as AAC, AAG,

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
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Figure 5. Inosines are enriched at the wobble position of codons. (A) Number of inosines in adenosine-containing codons in PND12, GV, and MII samples. (B)

Number of inosines occurring at specific sites among the codons with multiple adenosines that were statistically different in PND12 versus GV and MII samples.

Total number of inosine mRNA modifications occurring at the first, second, or third codon position in: (C) PND12, GV, and MII samples, (D) somatic tissues,

and (E) brain tissue of Adar+/+ and AdarE861A/E861A mice. ∗Means ± SEM within a panel were different (P < 0.05); significance was determined using two-way

ANOVA tests. Only codons from transcripts with TPM ≥ 1 were analyzed.

and AAT, we did not find a site-specific enrichment of inosine
modifications (Supplementary Figure S8A). Moreover, evidence for
the wobble position inosine RNA modifications in GV oocytes
and MII eggs was not dependent upon read depth (Supplementary
Figure S8B). We further analyzed previously validated inosine RNA
modifications curated by the RADAR database [49], which yielded
eight synonymous changes that occur in mice, all of which have been
validated in the literature [50–52]. All eight of these substitutions
occurred at the codon wobble position (Supplementary Table S1).

Transcriptome-wide inosine RNA modification efficiency at the
codon wobble position was highest in GV oocytes (0.481 ± 0.002;
mean ± SEM) and MII eggs (0.488 ± 0.004) compared to PND12
oocytes (0.377 ± 0.014; P < 0.05, one-way ANOVA; Supplementary
Figure S6D). The inosine RNA modification efficiency at the wobble
position of AAA, CAA, and GAA codons was also highest in GV
oocytes and MII eggs compared to PND12 oocytes (P < 0.05, two-
way ANOVA; Supplementary Figure S6E). Conversely, there was
no decrease in inosine RNA modification efficiency at the wobble

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
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position of the codon ACA (Supplementary Figure S6E). Overall,
fully grown GV oocytes and MII eggs, as well as somatic tissue,
showed an inosine RNA modification pattern with enrichment at the
codon wobble position that was dependent on ADAR deamination
activity.

Discussion

In our studies of mouse oocyte growth and maturation, we iden-
tified an enrichment of inosine modifications at the wobble posi-
tion. Codon-specific inosine RNA modifications were not limited to
oocytes but were found in a variety of somatic tissues as well. This
observation of an enrichment of inosines at the wobble position has
likely not yet been reported because most cells or tissues examined
do not have as high a proportion of CDS modifications as mouse
oocytes. Furthermore, many studies examining A-to-I RNA edit-
ing utilize microfluidics-based multiplex PCR and deep sequencing
(mmPCR–seq) [45,53]. mmPCR-seq interrogates inosines at 11103
exonic sites across 557 different loci and will not discover any new
inosine sites. Another common method of examining A-to-I RNA
editing focuses on hyper-modified sites, where detection of multi-
mapped reads from repetitive elements is allowed [54,55]. Because
of the difficulties in cataloging multi-mapped reads, we avoided
this approach. Our strategy, in combination with the frequent CDS
inosine RNA modifications of mouse oocytes, is what led to our
novel discovery of wobble position inosine RNA modifications.

During the growth phase of oocytes, RNA accumulates
and is stored to support meiotic maturation, fertilization, and
early embryonic growth prior to embryonic genome activation
[1,2,56,57]. We observed low Adar expression and no detectable
protein in transcriptionally active PND12 oocytes. This correlated
with a reduced overall number of inosine containing transcripts, a
reduced number of inosine sites per transcript, and a decrease in
overall inosine modification efficiency. In contrast, transcriptionally
quiescent fully grown GV oocytes and MII eggs contained
abundant ADAR protein and increased levels of inosine RNA
modifications.

The abundance of inosine RNA modifications occurring within
the CDS and 3′ UTR regions of oocyte and egg mRNA was unique
compared to mouse somatic cell types; however, it is not unprece-
dented [58]. Cephalopods have a high proportion of inosine mod-
ifications occurring in the CDS region of mRNA, and this has
been hypothesized to increase proteome diversity and allow for
increased adaptability [59]. Porath et al. also documented increased
inosine RNA modifications in the gametes of stony coral, Acropora
millepora [60], indicating that this post-transcriptional mechanism
could be important during early embryogenesis. A study of human
oocytes identified that the majority of inosine modifications occurred
in the 3′ UTR regions (47.12%), followed by intronic (33.77%),
non-coding RNA (17.12%), and 5′ UTR regions (1.01%), with
only 0.98% occurring in coding regions [13]. Conversely, a recent
study of mouse oocytes using an analysis pipeline different than ours
also identified a high proportion of inosine modifications within
the CDS region (48.69%), followed by intronic (35.70%) and 3′
UTR (15.61%; [14]). It is unclear if the increased CDS inosine RNA
modifications we and Wang et al. observed in mice oocytes, that were
not observed in human oocytes, are due to species differences or
due to the vitrification process and culture of human oocytes prior
to RNA-seq [61]. A recent cross-species analysis of inosine modi-
fications in somatic tissues revealed that species, rather than tissue

type, was a greater source of inosine modification differences [45].
Male mouse germ cells also display a unique inosine modification
environment, with the majority of inosines occurring as a result of
ADARB1 activity, rather than ADAR [62].

In an analysis of high confidence inosine modifications occur-
ring in human cells, Xu et al. calculated that inosine sites result-
ing in synonymous changes were significantly more common than
those resulting in nonsynonymous changes [11]. Our data in mouse
oocytes are consistent with this observation. Synonymous changes
are known to affect RNA transcript stability as well as translational
efficiency, because of tRNA availability and codon usage [63,64].
Of the RNA codons with adenosines, we observed that GV oocytes
and MII eggs contained an increased enrichment of inosines at the
codon wobble position compared to PND12 oocytes (Figure 5). Of
the codons with multiple adenosines, three of four codons showed a
decrease in inosine RNA modification efficiency in PND12 oocytes
(Supplementary Figure S6E), consistent with the absence of ADAR in
these oocytes. Lastly, brain tissue from AdarE861A/E861A mice displayed
reduced inosine RNA modifications at the codon wobble position
(Supplementary Figure S3D). Therefore, wobble position inosine
modifications are not an oocyte-specific phenomenon and depend
on ADAR deamination activity.

The molecular mechanism leading to enrichment of inosines at
the codon wobble position remains to be explored. Codon-specific
RNA modifications are not unprecedented. The RNA modification
at cytidine, N4-acetylcytidine, is enriched at the codon wobble posi-
tion and can affect translational efficiency [65]. Whether inosines at
the wobble position have a similar role in translational efficiency
in vivo remains to be examined. A recent report by Licht et al.
demonstrated that the presence of inosine within mRNA can affect
translational efficiency in an in vitro system [47]. In vitro models
using purified ADAR and synthetic RNA have demonstrated that
ADAR has a trinucleotide preference and specifically modifies the
second adenosine nucleotide of the triplet [66]. However, our analy-
sis of CDS inosine RNA modifications using in vivo genetic models
of catalytically inactive ADAR demonstrate that within the CDS,
inosine frequently occurs at the codon wobble position. Most studies
of inosine do not focus on the CDS, and therefore, the wobble
position inosine modification has gone unreported. It is possible that
mRNA from transcriptionally quiescent oocytes are inosine modified
at the first and second position of a codon, but degraded rapidly,
resulting in an increase of mRNA with inosine modifications at the
codon wobble position. However, even in transcriptionally active
somatic cells, we observed inosine more frequently at the codon
wobble position. Further experiments are needed to understand the
molecular mechanisms leading to inosine modifications at the codon
wobble position.

We hypothesize that inosine modifications at the wobble position
can affect translational efficiency and subsequently mRNA stability
in oocytes through codon usage. In fully grown GV oocytes and MII
eggs, previously synthesized maternal mRNA are recruited for trans-
lation [67,68]. Maternal transcripts are subjected to translationally
coupled degradation, and in the absence of degradation, maternal
transcripts accumulate, resulting in embryonic arrest [68]. Thus, the
regulatory roles of post-transcriptional and translational control of
oocytes are essential to ensure successful embryonic development.
Our data suggest a novel mechanism whereby inosine modifica-
tions could alter codon usage, which may affect translational effi-
ciency, and ultimately translationally coupled mRNA degradation.
Further experimentation will reveal the effects of inosine codon
modifications on translation in oocytes.

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data
https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolreprod/ioz130#supplementary-data


Inosine RNA modifications in oocytes, 2019, Vol. 101, No. 5 947

Supplemental methods

Detailed line commands for elprep and genome

analysis tool kit

The program elprep was used to sort, mark duplicates, and index
RNA-seq reads with the following commands; elprep –reference-
T mm10.fasta –filter-unmapped-reads strict –replace-reference-
sequences mm10.dict –replace-read-group “ID:id LB:library
PL:illumina PU:machine SM:Or” –mark-duplicates –sorting-order
coordinate –nr-of-threads 30 (S7) . GATK RNA-seq variant pipeline
was run on the output of elprep with the following sequentially
executed commands; GenomeAnalysisTK.jar -T SplitNCigar Reads
-R mm10.fa -I infile -o outfile -rf ReassignOneMappingQuality -U
ALLOW_N_CIRGAR_READS, GenomeAnalysisTK.jar -T Realign-
erTargetCreator -R mm10.fa -I infile -known snp.vcf -o outfile -U
ALLOW_N_CIGAR_READS, GenomeAnalysisTK.jar -T IndelRe-
aligner -R mm10.fa -I infile -targetIntervals targetfile -know snp.vcf
-o outfile -U ALLOW_N_CIGAR_READS, GenomeAnalysisTK.jar
-T BaseReaclibrator -I infile -R mm10.fa -knownSites snp.vcf -o
outfile, GenomeAnalysisTK.jar -T PrintReads -R mm10.fa -I infile
-BQSR infile -o outfile, GenomeAnalysisTK.jar -T HaplotypeCaller -
R mm10.fa -I infile -dontUseSoftClippedBases -stand_call_conf 20.0
-o outfile, GenomeAnalysisTK.jar -T VariantFiltration -R mm10.fa
-V infile -window 50 -cluster 3 filterName FS -filter “FS > 30”
-filterName QD “QD < 2.0” -o outfile.vcf. VEP command vep -
i infiole –species “mus_musculus” –cache mus_musculus/ –refseq
–all_refseq –tab –everything.

Inosine RNA modification false-positive rate

To determine the false-positive rate, Rfp, inherent to our analysis, we
used a defined approach [46,69], with minor modifications. Briefly,
we assumed that A-to-G / T-to-C and C-to-T / G-to-A variants
represent true RNA modifications with known enzymatic sources
[70,71]. The remaining eight single nucleotide substitutions were
considered background due to the lack of any known enzymatic
mechanisms and the observed equal frequency of occurrence within
an oocyte stage. The error rate was computed with the following
equation:

Rfp =

(
1−te

)

N
te

where N is the number of single nucleotide substitution types and te
is a proportion calculated with the following equation:

te =
∑n

i=1 ei∑n
i=1 ai

where ei is the summation of the A-to-G, T-to-C, C-to-T, and G-to-
A RNA modification events occurring within genes, and ai is the
summation of all other single nucleotide substitutions within genes.

Inosine RNA modification efficiency

To determine inosine RNA modification efficiency, 0 < Ee ≤ 1, the
inosine RNA modification events were modeled with the following
equation:

Ee = er − min (er)

tr − min (er)

where er is the total number of reads containing the inosine, tr is the

total number of reads at the inosine site, and min
(
er

)
is the minimum

number of reads that can be inosine modified at the inosine site,
which was set to 1 for this analysis.

Supplementary data

Supplementary data are available at BIOLRE online.
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