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Abstract

Adenosine to inosine (A-to-1) RNA editing occurs in a wide range of tissues and cell types and can
be catalyzed by one of the two adenosine deaminase acting on double-stranded RNA enzymes,
ADAR and ADARB1. Editing can impact both coding and noncoding regions of RNA, and in higher
organisms has been proposed to function in adaptive evolution. Neither the prevalence of A-to-I
editing nor the role of either ADAR or ADARB1 has been examined in the context of germ cell
development in mammals. Computational analysis of whole testis and cell-type specific RNA-
sequencing data followed by molecular confirmation demonstrated that A-to-l RNA editing occurs
in both the germ line and in somatic Sertoli cells in two targets, Cog3 and Rpal. Expression
analysis demonstrated both Adar and Adarb1 were expressed in both Sertoli cells and in a cell-
type dependent manner during germ cell development. Conditional ablation of Adardid notimpact
testicular RNA editing in either germ cells or Sertoli cells. Additionally, Adar ablation in either cell
type did not have gross impacts on germ cell development or male fertility. In contrast, global
Adarb1 knockout animals demonstrated a complete loss of A-to-l RNA editing in spite of normal
germ cell development. Taken together, these observations demonstrate ADARB1 mediates A-to-I
RNA editing in the testis and these editing events are dispensable for male fertility in an inbred
mouse strain in the lab.

Summary Sentence

Testicular A to | editing occurs primarily in meiotic and postmeiotic germ cells and is catalyzed by
the editing enzyme ADARB1.

Key words: spermatogenesis, RNA editing, Sertoli cells, spermatocytes, meiosis, spermatids, adenosine deaminase,
ADAR, RNA modification.

Introduction

RNA biology is extraordinarily complex, with multiple layers of
regulation combined in cell-dependent manners to modulate the pri-
mary, secondary, and tertiary structure of all types of RNA; from
transfer RNAs to messenger RNA (mRNA). In addition to the tradi-
tionally recognized RNA biogenesis steps of transcription, splicing
and transport, increasing attention has been paid to the importance
of covalent RNA modifications in normal physiology.

RNA editing, a type of irreversible RNA modification, occurs
in two classically defined types in mammals: adenosine to inosine
(A-to-I) and cytosine to uracil (C-to-U). Based on computational
analyses, A-to-I RNA editing appears to be more widespread than
C-to-U in mammals, impacting a much wider range of targets and
being observed in a wider range of tissues [1]. The effects of edit-
ing on a given target vary widely. The canonical example of A-to-I
editing is the neural glutamate receptor, ionotropic, AMPA2 (Gria2)
in which multiple sites in the mRNA are edited to varying degrees
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thus altering the encoded amino acids and changing the physiolog-
ical function of the receptor [2]. Editing of other mRNAs has been
shown to impact events besides coding potential including splicing,
transcript stability, and microRNA (miRNA) regulation [3]. Func-
tionally, RNA editing has been implicated in generating proteome
diversity [4], regulating innate immunity [5], and driving adaptive
evolution [6].

A-to-I editing is catalyzed by a family of RNA-specific adeno-
sine deaminase enzymes (ADARs), of which there are three in the
mouse (ADAR, ADARB1, and ADARB2 corresponding to human
ADAR1, ADAR2, and ADAR3) [4]. ADARs are conserved across
a wide range of eukaryotic phyla [7,8] and are composed of two
protein domains: an adenosine deaminase (AD) domain that cat-
alyzes the deamination of A-to-I and one or more double stranded
RNA-binding domains. ADAR and ADARB1 are known to catalyze
A-to-I RNA editing while the third ADAR, ADARB2, is believed to
be catalytically inactive [9]. While expression of Adarb2 is confined
almost exclusively to neural tissue, Adar and Adarb1 are observed
in a wider range of tissues suggesting RNA editing may occur in
multiple tissues [10,11].

For many years, the list of known edited targets was extremely
limited, with identification occurring either serendipitously or via
low-throughput screens of EST libraries. The majority of studies
also focused on a limited range of tissue types. As a result of this, the
breadth of A-to-I RNA editing both within and across tissues was
unclear. With the increasing availability of high-throughput RNA
sequencing, a large number of potential RNA-editing targets have
been identified [1,12-14] within numerous tissues suggesting RNA
editing is even more widespread than previously believed.

A number of genetic models targeting ADAR or ADARB1 have
been developed. Global loss of Adar results in embryonic lethality
[15] making analysis of tissue-specific functions impossible in the
adult. In contrast, global deletion of Adarb1, although resulting in
neonatal lethality, can be overcome by genomic mutation of a single
known ADARBI editing site [16]. While suggesting a highly specific
role for ADARB1 in normal mouse neurophysiology, these studies
do not inform on whether ADARB1 plays a function in other tissues.
Conditional ablation of Adar in various cell types of the hematopoi-
etic system has demonstrated functionally important roles for Adar
in at least one adult system; however, no similar analyses have been
undertaken in other tissues.

The adult testis contains multiple somatic and germ cell types
that function together to produce mature sperm. The primary so-
matic cell type in the testis, the Sertoli cell, physically surrounds the
germ cells and provides the necessary microenvironment for their dif-
ferentiation. The various germ cell populations represent successive
phases of differentiation: mitotic spermatogonia, meiotic sperma-
tocytes, postmeiotic spermatids, and mature spermatozoa. In each
case, distinct RNA processing pathways are at play and required
for normal progression although the role of RNA editing in normal
germ cell development has not previously been examined. Here we
genetically investigated the role of Adar and Adarb1 during murine
spermatogenesis.

Materials and methods

Animal model generation and husbandry

tm1a(EUCOMM) Witsi (Adartmla) allele were

Animals carrying the Adar
obtained from the European Mouse Mutant Archive and used to
establish an Adar""!® breeding colony. This allele is a knockout-

first, conditional-ready allele that can be used to generate a

floxed, conditional allele after flippase (FLP)-recombinase-mediated
recombination. A delete allele can then be generated via Cre-
recombination. Additional details about the Adar"1aEUCOMM) Wisi
allele and its derivatives can be found at http://www.
mousephenotype.org/data/genes/MGI:1889575. The Adar'™¢ (here-
after referred to as Adar™) allele was obtained by crossing Adar"1®
carriers to B6.12954-Gt(ROSA)26Sor 1 (FLPY) Dym/Rain] fo]lowed by
backcrossing to C57BL/6] to remove the Flp allele. The AdarP®
allele was generated by crossing Adar™ allele carriers to mice car-
rying the Tg(Stra8-iCre)1Reb allele that had been backcrossed into
the C57BL/6] background. Experimental AdarP?/F animals were
then generated by crossing into the necessary Cre-carrying mice
(Tg(Stra8-iCre)1Reb and Tg(Amb-cre)8815Reb). All experimental
mice used in this study were cared for in accordance with the “Guide
for the Care and Use of Experimental Animals” established by the
National Institutes of Health (NIH) and all protocols approved by
the Jackson Laboratory Animal Care and Use Committee. Animals
were maintained in a 12 h light and 12 h dark cycle vivarium in the
Research Animal Facility at The Jackson Laboratory. Autoclaved
NIH31 diet (6% fat) and HCl acidified water (pH 2.8-3.2) were
provided ad libitum.

RNA sequencing

Paired-end RNA sequencing was performed on an Illumina HiSeq
2000 at The Jackson Laboratory (Bar Harbor, ME). Total RNA
extraction via the mirVana RNA isolation kit (Life Technologies,
Grand Island, NY) was performed per manufacturers, including
DNase treatment. RNA-sequencing libraries for 100 bp paired-end
sequencing were produced using the TruSeq RNA Sample prep
Kit v2 Set A and B (Illumina, San Diego, CA), accession num-
ber: GSE92870. Single-end 76 bp RNA-seq strand-specific reads
derived from isolated testicular cell types were obtained from the
SRA database (GEO accession numbers GSE43717, GSE43719, and
GSE43721 [17]).

Computational identification of RNA editing

RNA-editing site identification was performed using RNA-
sequencing data from whole late juvenile (25 dpp) testes and
publically available RNA-sequencing data derived from isolated
testicular cell types. The computational pipeline was based on
one previously reported [18]. Briefly, the first 6 bp of each
read were trimmed and each read aligned to the mm10 genome
via TopHat (https://ccb.jhu.edu/software/tophat/index.shtml) us-
ing an inner mate distance of 100 bp with default pa-
rameters. Following alignment, variants were defined us-
ing the Genome Analysis Toolkit (GATK) UnifiedGenotyper
(https://software.broadinstitute.org/gatk/) with the following param-
eters: filter_reads_with _N_cigar -stand_call_conf 0 -stand_emit_conf 0
-mbq 25 -rf MappingQuality -mmq 20. Further filtering was used to
select only sites with a single nucleotide variant, read depth of greater
than 10, observed in all replicates of a given type, overlapping with
known exons, and a frequency of 5% to 95%. From these sites, any
sites residing in exons with multiple variant types and sites residing
at locations of known single nucleotide polymorphisms for any of
the common mouse strains were removed.

Inosine chemical erasing analysis

Confirmation of inosine incorporation was based on a previously
published protocol [19]. In brief, total RNA from whole adult
CS57BL/6] testes was extracted via Trizol Reagent using manufac-
turer’s recommended methods. Ten microgram of isolated RNA
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was DNase I (Qiagen) treated, purified by RNeasy MiniElute clean
up (Qiagen), and cyanoethylated in a 50% v/v ethanol:1.1M tri-
ethylammoniumacetate (pH = 8.6) with or without 1.6 (1x), 6.2
(2x), or 12.4 (4x) M acryolonitrile at 70°C for 30 min. RNA
was then purified by RNeasy MiniElute clean up and used as tem-
plate for cDNA synthesis by Superscript III RT (Life Technologies)
and random hexamer priming. cDNA was then subjected to edit-
ing site-specific (Rpal—F: CTCAGAGGGCTGTGTGTGAA and
R: AGACAAAAAGGTGCCACCAC. Cog3—F: CACAGACGAC-
GATCTCTCCA and R: TGAACTCCTCCAGCTGCTCT) or con-
trol (Rps2—F: CTGACTCCCGACCTCTGGAAA and R: GAGC-
CTGGGTCCTCTGAACA) target amplification followed by PCR
purification (QIAquick PCR purification, Qiagen) and Sanger se-
quencing using the forward primer for each product. C57BL/6]
genomic DNA was isolated via DNeasy Blood & Tissue Kit (Qia-
gen), amplified using site-specific primers (Rpal—see above, Cog3—
F: GACTCGTTCTCGGAGCTTTG and R: CTGTGCTGACACAC-
CTGGAC), and sequenced using the respective forward primer.

Quantitative RT-PCR and Sanger sequencing analysis
Total RNA from Adar:Cre mutants, Cre- litter mates, and C57BL/
6] whole adult testes or whole embryos was extracted by Trizol
Reagent using manufacturer’s recommended methods. Isolated RNA
was DNase I (Qiagen) treated and cDNA synthesized using Su-
perscript III RT (Life Technologies) and random hexamer priming.
SYBR Green quantitative RT-PCR utilized the following primers for
detection of Adar or Adarb1. Relative fold changes were calculated
as previously reported [20] using Rps2 as the endogenous control.
Sanger sequencing analysis of Rpal and Cog3 editing utilized the
same primers as for inosine chemical erasing (ICE) analysis.

Fertility analysis and sperm counts

Adult Adar:Cre mutants and Cre- litter mate control male mice were
mated with fertile C57BL/6] females (6—8 weeks old) and litter num-
ber and size recorded for a period of 4 months. To quantify sperm,
epididymides were dissected from adult mice and diced in 1 ml of
phosphate-buffered saline (PBS). The diced tissue was incubated at
37°C for an hour, diluted 1:10 in PBS, and counted using a hemocy-
tometer. Duplicate counts were evaluated for each mouse sample.

Histological evaluation

Testes and epididymides were dissected from adult mice and fixed
overnight in Bouin’s fixative before embedding in paraffin wax.
Sections (5 pum) were stained with periodic acid-Schiff’s reagent.
Histological samples were imaged using a Zeiss Axioscop micro-
scope with filterset 10. Adobe Photoshop software (Adobe Systems)
was used for cropping and background color correction.

Results

Testicular RNA editing occurs in a cell-type dependent
manner

RNA-sequencing data from late juvenile (25 dpp) whole testis and
isolated testicular cell types were used to identify putative A-to-I
RNA-editing targets in the testis. This dataset included six biological
replicates each of whole late juvenile testis along with three each of
isolated Sertoli cells, spermatogonia, spermatocytes, spermatids, and
spermatozoa [21]. RNA-editing events were defined for each inde-
pendent sample using a modified GATK variant caller (see Materials

and Methods) based on previously published RNA-editing identi-
fication pipelines [18]. Analysis of a stringent list of sites detected
in all three replicates of at least one cell type (Figure 1A) demon-
strated that A-to-I editing occurs at only a few sites (21) throughout
the testis transcriptome, a finding consistent with previous reports
demonstrating RNA editing in the testis is rare relative to other tis-
sues [22]. For example, a similar analysis of adipose, liver, and bone
identified 47, 60, and 104 A-to-I RNA-editing events, respectively
[1]. Although rare, the number of testicular RNA-editing events var-
ied by cell type with the majority of sites occurring in the Sertoli
cell.

Computational identification of RNA-editing events is unusu-
ally prone to false positives [23]. Supporting this notion, relatively
few sites were found to be in common between the isolated cell
RNA-sequencing datasets and the whole late juvenile testis RNA-
sequencing datasets, and many reads informative to computation-
ally defined sites included additional mismatches not attributable to
RNA editing. To establish the rate of false positives in our analy-
sis pipeline, Sanger sequencing confirmation of the 11 RNA-editing
sites with editing frequencies above 25% was undertaken. A compu-
tationally defined site was considered confirmed if the computed site
was observed as a mixed A/G peak using Sanger sequencing, and the
amplicon did not contain any additional nonediting mixed peaks.
This analysis did confirm a high rate of false positives with only the
three sites being identified in all three cell-type specific datasets and
in all six whole late juvenile testis datasets showing reliable mixed
A/G peaks using Sanger sequencing (Figure 1B and C). Three sites
in only two genes, Cog3 and Rpal, passed the computational and
molecular filtering criteria. These mRNAs were subjected to ICE, a
method to directly detect inosine at specific sites of intact RNA by the
formation of a reverse-transcriptase blocking nucleotide adduct with
acrylonitrile treatment [19]. This method provides high-confidence
confirmation of true A-to-I changes. Additional in silico translation
and microRNA recognition site analyses demonstrated the potential
functional relevance of the confirmed editing events, with editing of
Cog3 predicted to alter its coding potential and editing in the 3’ un-
translated region (UTR) of Rpal altering the recognition sequence
of a miRNA-binding site (Figure 1D and E).

RNA-editing efficiency, or the fraction of nucleotides at a given
site that undergo editing, was calculated based on the frequency of
editing nucleotides observed in aligned RNA-sequencing reads for
each site. Editing efficiency of the confirmed editing sites varied be-
tween cell types with editing of Cog3 exclusive to meiotic spermato-
cytes, one site of Rpal editing observed in meiotic spermatocytes and
postmeiotic spermatids, and the other site of Rpal editing observed
in meiotic and postmeiotic germ cells as well as Sertoli cells. This may
be a result of cell-specific regulation of RNA-editing or cell-specific
availability of RNA targets. To differentiate between these two pos-
sibilities, expression of Cog3 and Rpal was compared across the
five cell types (Supplemental Figure 1). For Rpal, the majority of the
expression is derived from meiotic spermatocytes and postmeiotic
spermatids while Cog3 expression is highest in spermatogonia and
spermatozoa. Comparison of mRNA abundance by cell type and
cell-type dependent editing shows no direct correlation suggesting
RNA editing itself is regulated in a cell-type dependent manner.

The testis expresses multiple editing enzymes in a
cell-type dependent manner

Computational analysis and molecular confirmation of editing events
in the testis demonstrated RNA editing to be rare and regulated in a
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Figure 1. RNA editing is rare and cell-type dependent in the testis. (A) Editing efficiency of computationally identified A-to-l RNA-editing sites in RNA-sequencing
data of isolated testicular cell populations (n = 3). X-axis coordinates—editing site location within the genome. Asterisks—sites also identified in whole testis
RNA-sequencing data (n = 6), host genes selected for further study indicated above respective editing sites. Error—standard deviation. (B) Molecular confirmation
of inosine incorporation by acrylonitrile treatment. (C) Sanger sequencing of untreated cDNA, acrylonitrile treated cDNA, and genomic DNA to confirm editing,
inosine incorporation, and genotype. Asterisks—editing sites. Impact of editing event on the (D) coding potential of Cog3 and (E) a microRNA recognition site
in the 3 UTR of Rpal.
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Figure 2. A-to-| RNA-editing enzymes are expressed in the testis. Quantitative RT-PCR detection of RNA-editing enzyme expression (A) across multiple adult
tissues and (B) throughout testicular development. N = 3, error—standard deviation, dpp—days postpartum. (C) RNA-sequencing quantification of RNA-editing
enzyme isoform expression across isolated testicular cell types. N = 3, error—standard deviation. TPM —transcripts per million.

cell-type dependent manner. To determine which of the two catalyt-
ically active RNA adenosine deaminases is driving RNA editing de-
tected in the testis, Adar and Adarb1 expression was examined across
various tissues and throughout testis development by quantitative
RT-PCR and in isolated cell types by RNA sequencing. Although
Adar expression in the testis is substantially lower than in editing-
rich tissues such as the brain, the observed expression is similar to
that of non-neural tissues known to undergo A-to-I editing such as
liver and lung [1] (Figure 2A). Additional analysis shows both Adar
and Adarb1 have variable expression throughout testis development
(Figure 2B).

To more directly measure the potential cell-specific activity of
the known RNA-editing enzymes, RNA-sequencing analysis was
used to examine cell-type dependent expression of Adar and Adarb1
(Figure 2C). Alternative promoter usage generates two Adar mRNA
isoforms: one producing a long (p150) protein that is cytoplasmic,
normally associated with infection, and acts to edit viral RNAs, and
a second isoform producing a short (p110) protein which is predom-
inantly nuclear and functions as the ubiquitous editing enzyme for a
wide range of substrates [24]. Cell-type specific expression profiling
demonstrated both Adar isoforms were expressed predominantly in
spermatogonia whereas Adarb1 was expressed in multiple germ cell
types ranging from the mitotic spermatogonia to the postmeiotic
spermatids. Given the observed expression profile, it was unclear
which RNA-editing enzyme may drive RNA-editing events in the
testis. In order to more accurately assess this question, a series of
RNA-editing enzyme knockout models were generated and tested
for their impacts on testicular RNA editing.

The Adarm'alEUCOMMWisi g|lgle and its derivatives
properly target Adar

As global loss of Adar results in embryonic lethality, a conditional
Adar ablation model (Adar™) was developed in order to assess
Adar function exclusively in Sertoli or differentiating germ cells.
Adar™ was derived from the EUCOMM allele Adar?!#(FUCOMM) Wisi
(Adar17) in which a reporter and selection cassette was inserted up-
stream of exon 3 (Figure 3A). This type of knockout first targeting
scheme results in global gene ablation prior to cassette excision via
FLP-mediated recombination. In order to confirm correct targeting
of Adar"14 in vivo, Adar expression and the embryonic phenotype of
homozygous carriers was assessed. Adar expression was reduced in

a dose-dependent manner in Adar”!?

heterozygote whole embryos
and entirely lost in homozygous carriers, demonstrating the allele
correctly inactivated the Adar locus (Figure 3B). Further supporting
the utility of this model for examining ADAR function, we obtained
no homozygous offspring from a heterozygous by heterozygous cross
(Figure 3C), consistent with previous reports showing global Adar
loss results in embryonic lethality between E12.5 and E14.5. From

tmla and thus any derivative alleles, prop-

these data, it appears Adar
erly target Adar in vivo.
Given confirmation of correct targeting, a conditional Adar al-
lele (Adar™) was generated by FLP-mediated cassette excision. Fol-
lowing cassette excision, a global Adar delete allele was generated
by intercrossing Adar™ to Stra8-iCre expressing mice for two gen-
erations to produce offspring with a global Adar exon 4 deletion
(AdarP?). To generate germ cell-specific conditional Adar knock-
outs, offspring of the above intercross carrying Stra8-iCre and
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Figure 3. Adar is a functional conditional allele of Adar. (A) Conditional targeting scheme for Adar utilizing a FRT-flanked (orange triangles) lacZ-neo reporter
cassette followed by a loxP-flanked (blue triangles) exon 4 to generate a knockout first allele. Following FLP-recombinase, a conditional allele is generated
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neomycin selection cassette, pA—polyadenylation signal, FRT—FIp-recombinase recognition target site. (B) Quantitative RT-PCR of Adarin E11.5 wildtype (WT)
and Adar'™’@ (1a) whole embryos. N > 4, error—standard deviation. (C) Genotypes of juvenile offspring derived from WT/Adar'™'? heterozygous crosses. Chi-
squared analysis demonstrating significant reduction of Adar™’? homozygous offspring. df—degrees of freedom. (D) Quantitative RT-PCR of Adar in conditional
ablation models (Stra8-iCre: differentiating germ cell and Amh-cre: Sertoli cell). N = 4, error—standard deviation.

AdarP? were backcrossed to Adar™ and males with the necessary
experimental genotypes (AdarP°"’™ animals with or without Stra8-
iCre) selected for study. For Sertoli cell conditional Adar ablation,
AdarP-carrying animals were crossed to Amb-Cre-expressing mice.

Del and Amb-Cre were then crossed to
Del/Fl

Animals carrying both Adar
Adar™ mice to generate the two experimental genotypes (Adar
animals with or without Ambh-Cre). All analyses were completed
on a heterozygous Adar deletion background to ensure high Cre-
excision efficiency [25]. In the case of Stra8-iCre, ablation was also
confirmed by the observation that offspring of male AdarPe!¢ in-
dividuals always carried the AdarP? allele. In both ablation mod-
els, AdarP°/"! in the presence of Cre resulted in a reduction but
not total loss of Adar expression in whole adult testis (Figure 3D),

further confirming targeting and the conditional nature of the
allele.

ADAR loss has no impact on testicular RNA editing or
germ cell development

Given the expression of Adar and the observation of RNA-editing
events in the testis, the impact of germ cell or Sertoli cell Adar loss
on testicular RNA editing was examined by Sanger sequencing. At
all sites examined, neither Sertoli nor germ cell ADAR loss resulted
in any change in RNA editing (Figure 4A). To assess if Adar played
some other important role in differentiating germ cells or the Ser-
toli cell, adult testis and epididymal morphology was assessed in the
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conditional ablations models. In both cases, the testis contained a
normal complement of germ cells with each differentiation state
represented (Figure 4B). The epididymis contained morphologically
mature sperm at similar concentrations to control littermates (Fig-
ure 4C). Ablated males produced normal numbers of litters and pups,
suggesting the observed sperm functioned normally. In sum, these
observations demonstrate Adar is neither the testicular RNA-editing
enzyme nor is required for normal male germ cell development.

Testicular RNA editing is catalyzed by ADARB1

ADARB1 has been shown to be required for a very limited number of
RNA-editing events, primarily in brain [16]. Global loss of Adarbl
results in perinatal lethality, however rescue of this phenotype by
mutation at a single genomic site (Gria2) generates animals with
normal lifespans and reportedly normal fertility. To more closely
assess the impact of global ADARBI loss on male germ cell biol-
ogy, we assessed RNA editing at the known testis-editing sites in
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adult Adarb1-KO, Gria2-rescue (Adarb1”:Gria2) testes. These as-
says showed complete loss of RNA editing at known testis-edited
sites with ADARBI1 loss (Figure SA), demonstrating ADARB1 is the
active RNA-editing enzyme in the testis. However, histopathologi-
cal analysis demonstrated this loss had no detectible impact on male
germ cell development (Figure 5B). This observation is in agree-
ment with previous observations suggesting ADARB1 loss has no
appreciable impact on male fertility [16,26]. Taken together, these
data show that while RNA editing does occur in the testis and is
mediated by ADARBI, it is dispensable for normal male germ cell
development.

Discussion

A-to-I RNA editing can have profound impacts on the function of
RNA. Male germ cells are particularly sensitive to perturbations of
post-transcriptional regulation, and yet, no systematic analysis of the
prevalence of or requirement for A-to-I RNA editing in male germ
cells had been previously undertaken. To address this shortcoming,
computational identification of RNA-editing events in whole testis

and isolated germ cells was used to define potential male germ cell
A-to-I editing events. Of the defined events, only a few were deemed
genuine upon molecular and biochemical confirmation, and of these,
all displayed a distinct cell-type dependent editing efficiency. This
predominantly meiotic and postmeiotic cell-type dependent editing
was not directly correlated to RNA-editing enzyme expression, nor
the levels of the mRNAs being edited. Both known A-to-I RNA-
editing enzymes were readily detectible in the testis. However, only
ADARBI1, normally associated with neural A-to-I RNA editing, was
shown to drive the detected RNA-editing events. In spite of these
findings, no direct impact on male fertility was observed in ADARB1
mutant models, leading to the question of why so few RNA-editing
events are detected in the testis and the potential role of RNA-editing
enzymes in male germ cell biology.

Multiple lines of evidence suggest RNA editing is dynamically
regulated in the male germ cell in a manner unlike that reported for
other tissues and cell types. In previous tissue-specific editing anal-
yses, target RNA expression was the primary determinate of RNA-
editing target selection within a tissue [22], while genetic analysis
in a diverse outbred mouse population suggests local RNA struc-
ture is the primary factor regulating efficiency [27]. For the few
editing events detected in the male germ cell there was no apparent
correlation between target abundance and editing efficiency. Addi-
tionally, the level of ADAR enzyme expression has been correlated
to the amount of overall RNA editing observed in a tissue [28], and
yet the testis has an extremely low number of detectible RNA edit-
ing sites in spite of Adar expression levels similar to tissues with
many editing events such as the liver, heart, and lung [22]. The
low frequency of confirmable RNA-editing events in the testis may
be due to pseudogene or retrogene expression that would generate
confounding results for both the computational identification and
molecular confirmation analyses. Alternatively, RNA-editing events
in the testis may occur at a normal frequency across the transcrip-
tome, but with substantially reduced efficiency or in only a subset of
individuals. The latter interpretation is supported by the observation
that the number of RNA-editing sites detected by our computational
method increases dramatically with either reduction of the efficiency
threshold or relaxation of the biological replicate criteria. Taken to-
gether, these observations suggest additional regulatory mechanisms
at play in the male germ cell that repress A-to-I editing. Previous
reports have suggested that a second AD domain-containing pro-
tein, ADAD1 (previously known as TENR), may serve this function
in postmeiotic germ cells [29]. Mutation of Adadl has profound
impacts on postmeiotic germ cell development [30], but whether it
has a direct impact on RNA editing in this cell population remains
unknown.

Despite the expression of both ADAR and ADARB1 in the male
germ cell, there is an apparent paucity of editing events, leading to
the question of their potential roles in germ cell biology. RNA edit-
ing of a target rarely impacts the entire population of molecules,
making it a unique mechanism for generating novel variants with-
out the potentially deleterious cost of genomic mutation. As such,
it has been proposed that RNA editing is a powerful mechanism
for adaptive evolution in higher animals [6]. It has already been
proposed that the male germ cell is a potent site for testing novel
DNA variants due in part to the unusually high-selective pressures
on male germ cells [31], a notion supported by recent analysis of
cross species expression [21,32]. Expression of ADAR and ADARBI1
in male germ cells may provide an additional mechanism for variant
testing on the RNA level, generating a small number of random vari-
ants. As this process would likely be stochastic and rare, particularly
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in an inbred mouse population as studied here, the stringent param-
eters used for RNA-editing event identification would be unlikely to
detect it.

In addition to their potential to drive adaptive evolution, both
ADAR and ADARBI1 have been implicated in regulating viral re-
sponse [33,34]. ADAR is generally considered the primary RNA-
editing enzyme responsible for viral response as both isoforms may
be induced by viral infection [35,36]. Mechanistically, ADARs im-
pact viral infection by either modulating the cellular response to
infection or directly editing viral RNAs. It has been known for sev-
eral decades that viral RNAs may undergo either site-specific or more
extensive A-to-I editing [37], and these events are driven by one or
both ADAR enzymes. Multiple viruses are known to be direct tar-
gets of ADAR regulation, including cytomegalovirus [35] and human
immunodeficiency virus [38], both of which have been reported as
capable of directly infecting male germ cells [39,40]. It is feasible that
a continuous, low level of ADAR expression in the male germ cell
acts as a protective mechanism against viral infection, which may
negatively impact spermatogenesis and offspring health. Whether
ADAR(s) in the germ cell are responsive to viral infection as in other
systems, or targets other known or emerging viruses that infect germ
cells, remains to be explored.

The role of A-to-I RNA editing and the enzymes that catalyze
it appear to be relatively minor in steady-state spermatogenesis in a
laboratory setting. However, the abundant and cell-type dependent
expression of the two known catalytically active RNA-editing en-
zymes suggests mechanisms of RNA-editing regulation not found in
other tissues. In addition, the expression and apparent low levels of
both ADAR and ADARB1 activity suggest other possibly important
roles for RNA editing outside the minimally challenging laboratory
setting. Further study will be needed to clarify whether RNA edit-
ing or the editing enzymes themselves play a role in either adaptive
evolution or viral response in the male germ cell.

Supplementary data

Supplementary data are available at BIOLRE online.
Supplemental Figure 1. Cell-type dependent expression of RNA-
editing target genes by RNA-sequencing analysis. N = 3/cell type.
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