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Disruption of piRNA machinery by deletion of ASZ1/GASZ results in the
expression of aberrant chimeric transcripts in gonocytes
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Abstract. In the male germline, the machinery to repress retrotransposons that threaten genomic integrity via the
piRNA pathway is established in gonocytes. It has been reported that disruption of the piRNA pathway leads to
activation of retrotransposons and arrests spermatogenesis before it enters the second meiosis; however, its effects
on gonocytes have not been fully elucidated. In this study, we analyzed the effects of Asz7 deletion, which is a
crucial component of the piRNA pathway, on the gonocyte transcriptome. In Asz7-null gonocytes, MIWI2, which
is responsible for introducing DNA methylation to retrotransposons in a piRNA-dependent manner, disappeared
from the nuclei of fetal gonocytes. Transcriptome analysis revealed that retrotransposons targeted by the piRNA
pathway and non-annotated transcript variants were upregulated in gonocytes from neonatal Asz7”- mice. These
non-annotated transcript variants were chimeras generated by joining exons transcribed from retrotransposons and
canonical genes. DNA methylation analysis showed that retrotransposons that induce the expression of aberrant
chimeric transcripts are not fully methylated. This was consistent with the impaired nuclear localization of MIWI2 in
Asz1-null gonocytes. Furthermore, heterogeneity of DNA methylation status in retrotransposons was observed in
both gonocytes and their descendants. This suggests that the piRNA system in gonocytes can potentially prevent
spermatogenic cell populations bearing aberrant chimeric transcripts from propagating later in spermatogenesis. In
conclusion, Asz1 is required to repress retrotransposons and retrotransposon-driven aberrant chimeric transcripts in

gonocytes through the piRNA pathway.
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Primordial germ cells (PGCs) are progenitor cells that differentiate
into sperm and oocytes. Epigenetic reprogramming occurs
during PGC differentiation. In mice, PGCs emerge at the base of
the allantois by embryonic day 7.25 (E7.25), and subsequently,
genome-wide DNA demethylation, including imprinting control
regions and retrotransposons, is completed at least by E 13.5 [1].
Although germline cells must sustain genetic integrity and transmit
accurate genetic information to the next generation, the germ cell
genome must contend with retrotransposon activation owing to the
cessation of DNA methylation during reprogramming [2]. In contrast,
PGCs undergo sex differentiation directed by gonadal somatic cells
between E11.5 and E12.5, after which male and female germ cells
acquire sex-specific transcriptomes and epigenetic modifications [3-5].
To eliminate the threat of retrotransposons, PIWI-interacting RNA
(piRNA) machinery is activated in the male germline, but it is still
unclear how female germ cells acquire tolerance to retrotransposons
[6, 71.

piRNAs are small RNAs expressed in germ cells and are indispens-
able to spermatogenesis, but not oogenesis [2, 8, 9]. The piRNA
machinery works by the conjunction of intermitochondrial cement
and pi-P-bodies, which are characteristic cytoplasmic compartments
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and proteins involved in piRNA production are localized on the outer
mitochondrial membrane [10, 11]. In mouse gonocytes, piRNA cluster
transcripts are targeted by piwi-like RNA-mediated gene silencing 2
(MILI/PIWIL?2) after being sliced at the 5” end [8, 12—14]. Thereafter,
these piRNA precursor transcripts are subjected to 3’-end trimming
and become mature primary piRNAs [15, 16]. MILI-primary piRNA
complexes slice retrotransposon-related transcripts that complement
the primary piRNA sequences, achieving post-transcriptional repres-
sion of retrotransposons and producing secondary piRNA sources
[17]. These sliced transcripts are cut at the 5” end again, loaded
onto MILI, and trimmed at the 3’ end to produce mature secondary
piRNAs. Secondary piRNAs slice complementary transcripts to
enforce primary piRNA production and piRNA amplification. A
subpopulation of piRNAs are loaded into piwi-like RNA-mediated
gene silencing 4 (MIWI2/PIWIL4) via DEAD-box helicase 4 (DDX4/
MVH) [18]. piRNA-loaded MIWI2 translocates from the cytoplasm to
the nucleus and targets transcribed retrotransposon RNA using piRNA
as a guide to introduce DNA methylation at these loci [17, 19, 20].
Thus, spermatogonia and spermatocytes exhibit an effective system
to silence retrotransposons by piRNA in perinatal gonocytes [21].
Ankyrin repeats, SAM, and basic leucine zipper domain-containing
1 (4sz1), a component of the piRNA machinery, is known to be
expressed specifically in germ cells of both sexes [22-24]. Since
Aszl expression depends on DNA methylation as well as Mili, its
expression is induced as a result of genome-wide DNA demethylation
in PGCs [25]. ASZ1 expression has been observed in mouse germ
cells, from fetal gonocytes to postnatal round spermatids, with a
peak in spermatocytes at the pachytene stage. ASZ1 is localized on
the outer mitochondrial membrane and is indispensable for piRNA
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production as a molecular scaffold for intermitochondrial cement
[26]. Asz1 deletion impairs piRNA production, downregulates MILI,
and causes DNA demethylation of retrotransposons, such as long
interspersed element 1 (LINE1) and intracisternal A-particle (IAP)
in spermatogenic cells. Consequently, only male 4sz] knockout
(KO) mice suffer from sterility accompanied by retrotransposon
dysregulation and spermatogenesis arrest in the meiotic prophase |
stage, similar to mice lacking Mili, Miwi2, Ddx4, or other piIRNA
machinery-related genes [23, 27]. Thus, Asz/ ensures spermatogenesis
by repressing retrotransposons.

To date, the influence of impaired piRNA production on the
gonocyte transcriptome has not been investigated in detail. Gonocytes
are the only source of spermatogonial stem cells; therefore, it is
imperative to know how retrotransposons affect the transcriptome
of gonocytes. To address this question and obtain insight into ensur-
ing robust spermatogenesis, we investigated the transcriptome of
gonocytes with impaired piRNA pathway using male 4sz/ KO
mice. Furthermore, to understand the effects of retrotransposons on
oocytes, in which the lack of piRNA machinery is a default state,
we compared retrotransposon-derived transcripts of oocytes with
those of gonocytes.

Materials and Methods

Animals

The mice used in this study were purchased from CLEA Japan
(Tokyo, Japan). All experiments in this study were approved by the
Institutional Animal Care and Use Committee of the Tokyo University
of Agriculture (#300054).

Establishment of the Asz1 deleted mouse model

The Asz1 KO mouse was established based on a previous report
[23]. Briefly, a targeting vector containing an Asz/-knockout construct
was introduced into C57BL/6 embryonic stem (ES) cells. Next, ES
cells harboring an 4sz/ KO allele were injected into blastocysts
from ICR mice, resulting in chimeric mice. Thereafter, Asz/™~ mice
were produced by breeding chimeric and C57BL/6 mice. Finally,
AszI"~ mice were crossed with C57BL/6 mice and used to produce
AszI”~ mice.

Western blotting

Testes and livers from 3-week-old mice were lysed in 2 x sample
buffer (380 mM Tris-HCI [pH 6.8], 4% SDS, and 20% glycerol)
by homogenization with glass beads. Protein concentrations of
each sample were measured using a Micro BCA Protein Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) on a SpectraMax i3
Multimode Microplate Reader (Molecular Devices, San Jose, CA,
USA) and diluted with 4 x loading buffer (250 mM Tris-HCI [pH
6.8], 8% SDS, 40% glycerol, 10% B-mercaptoethanol, and 0.05%
bromophenol blue). Proteins were then subjected to SDS-PAGE and
transferred to polyvinylidene difluoride membranes, after which
blocking and immunoreaction were performed in TBST containing
5% and 1% skim milk, respectively. The antibodies used and the
dilution rates are listed in Supplementary Table 1.

Immunofluorescence of frozen sections

Testes were fixed with 4% paraformaldehyde in PBS overnight
and then washed with PBS. After cryoprotection using 10% and 20%
sucrose solutions, tissues were embedded in OCT Compound (Sakura
Finetek Japan, Tokyo, Japan) and frozen in liquid nitrogen. Frozen
sections of 10-pm thickness were sliced using a Leica CM 1860

cryostat microtome (Leica Biosystems, Nussloch, Germany). Antigen
retrieval was performed by microwave treatment (500 W for 15 min)
in trisodium citrate buffer. Subsequently, blocking was performed in
a blocking solution consisting of 10% fetal bovine serum (FBS), 3%
bovine serum albumin (BSA), and 0.1% Triton-X 100 in 1 x PBS (-).
Then, primary antibody treatment was performed at 4°C overnight,
followed by secondary antibody treatment at room temperature for
1 h. Stained sections were mounted on VECTASHIELD Antifade
Mounting Medium with 4,6-diamino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA, USA). Finally, confocal images
were obtained using an LSM710 microscope (Zeiss, Oberkochen,
Germany). The antibodies used and the dilution rates are listed in
Supplementary Table 1.

Analysis of the synaptonemal complex

Meiotic chromosome spreads from the testes of 3-week-old mice
were prepared as previously described [28]. Testes were recovered
from male mice, and the tunica albuginea was removed from the
testes. Some seminiferous tubules were transferred into hypotonic
extraction buffer and incubated for 40 min. The seminiferous tubules
were then transferred into a 50 mM sucrose solution and minced
using forceps and a scalpel, followed by pipetting. Thereafter, the
cell suspensions were dispersed on glass slides, and then the slides
were soaked in a 1% paraformaldehyde solution containing 0.15%
Triton X-100. Glass slides were subsequently placed in a humidity
box at room temperature for 2 h. Finally, the glass slides were washed
with Milli-Q water and air-dried. Immunostaining was performed
as described for immunostaining of frozen sections.

Purifying germ cells using cell sorter

For gonocyte collection, the tunica albuginea of the testes from mice
at 1 day post-partum (dpp) was removed, and seminiferous tubules
were minced using forceps and a scalpel. Next, seminiferous tubules
were treated with 1 mg/ml collagenase (Wako, Osaka, Japan) and 1
mg/ml DNase I (Sigma-Aldrich, St. Louis, MO, USA), followed by
0.25% trypsin-EDTA to disperse the seminiferous tubules. Next, the
cell suspensions were incubated with CD16/32 antibody on ice for 15
min for blocking. Subsequently, APC/Fire750 anti-mouse EpCAM
antibody was added to the cell suspensions and incubated on ice
for 1 h. Gonocytes were then purified using BD FACS Aria II (BD
Biosciences, Franklin Lakes, NJ, USA). The purity of gonocytes was
preliminarily assessed by staining sorted neonatal gonocytes with
anti-GENA antibody (Supplementary Fig. 1A-B).

Fluorescence-activated cell sorter (FACS) purification of sper-
matogenic cells from 2-week-old mice was performed as described
for gonocyte purification. Anti-MVH antibody was used to verify
purity instead of anti-GENA antibody (Supplementary Fig. 1C-D).

To purify oocytes, ovaries were removed from 1 dpp mice and
subjected to enzymatic digestion, as previously reported [29]. Cells
were then incubated with CD16/32 antibody on ice for 15 min and
Brilliant Violet 421 anti-mouse c-kit antibody on ice for 1 h followed
by FACS (Supplementary Fig. 1E). Oocyte purity was confirmed
by counting the number of c-kit-positive cells among the total cells
(Supplementary Fig. 1F). The dilution rates of the antibodies are
listed in Supplementary Table 1.

RNA-sequencing analysis

Duplicate biological libraries of gonocytes from wild-type (WT)
and Asz/”~ mice were prepared and subjected to paired-end RNA
sequencing (RNA-seq) on a NextSeq 500 platform (Illumina, San
Diego, CA, USA). Total RNA was extracted from gonocytes using the
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RNeasy Plus Micro Kit (Qiagen, Hilden, Germany). cDNA synthesis
was performed using the SMART-Seq v4 Ultra Low Input RNA Kit
for Sequencing (Takara, Shiga, Japan), and libraries were constructed
using the Nextera XT DNA Library Prep Kit (Illumina). Sequencing
data are available in the DNA Data Bank of Japan database under
the accession number DRA013153.

Data analyses for RNA-seq

The UCSC mm10 mouse genome and gene annotations were
downloaded from Illumina iGenomes (http://jp.support.illumina.com/
sequencing/sequencing_software/igenome.html). Annotation files for
retrotransposons and repeats were obtained from the repeat masker
track on the UCSC genome browser (https://genome.ucsc.edu/).

RNA-seq reads were trimmed using Trimmomatic (version 0.36),
and only paired reads were subjected to the following analyses
(Supplementary Fig. 2) [30]. To count the reads of genes without
retroelements, reads associated with retrotransposons were removed
by mapping them to the linearized repeat sequence from the repeat
masker track. The remaining reads were aligned with the genome as
paired reads. Hisat2 (version 2.1.0) with default settings was used
to align reads, and reads mapped on the mitochondrial sequence
were removed using bedtools (version 2.27.1) [31, 32]. In contrast,
for counting reads on retrotransposons, trimmed reads that could
be mapped on exons as paired reads were removed using bedtools.
Reads were mapped using Hisat2 with the following options: -k
10000 --no-spliced-alignment --score-min C,-1. Read counts were
performed using the mapped data separately for retrotransposons
and other genes. featureCounts (version 1.6.2) was used for read
counts with the following options: -B -P -M -O --fraction [33].
The read count tables were combined and subjected to differential
expression analysis and RPM calculation using the edgeR package
(version 3.22.5) with RPM 5 as the cutoff.

To visualize RNA-seq read coverages, bam files of replicates were
merged and converted to bigwig files using CPM normalization in
deepTools (version 3.5.1) [34]. BigWig files were visualized using
the IGV genome browser [35].

RNA-seq data of WT non-growing oocytes from 1 dpp female
mice were downloaded from DRA005345 [36] and used for analysis.

Identification of aberrant chimeric transcripts

Reads mapped to the genome were assembled using StringTie
software (version 1.3.4.d) using the gene annotation file as a guide
[37]. Aberrant chimeric transcripts were defined using the following
criteria: transcript variants have 5' exon(s) that have not been annotated
in NCBI RefSeqGene (GRCm38); the read counts of the 5' exons of
the transcript variants were significantly increased in AszI~~ gonocytes
(FDR < 0.05), and canonical transcripts accompanied with non-
annotated 5' exons were significantly upregulated in Asz/~~ gonocytes
(FDR < 0.01). When multiple aberrant chimeric transcript variants
were identified at a locus, the variant containing the 5' exon with the
highest read counts was selected for analysis. The EdgeR package
was used for all the differential expression analyses.

Expression analysis of IAP-derived- Fanconi anemia,
complementation group D2

Total RNA was extracted from FACS-purified gonocytes and
non-growing oocytes from 1 dpp mice using an RNeasy Plus Micro
Kit (Qiagen) according to the manufacturer’s protocol. Subsequently,
genomic DNA removal and first-strand cDNA synthesis were
performed using a PrimeScrip RT reagent Kit with gDNA Eraser
(Takara). The absolute expression levels of /4 P-Fanconi anemia,

complementation group D2 (IAP-Fancd?2), and Thp were investigated
by quantitative RT-PCR (qRT-PCR) using Power SYBR Green Master
Mix (Thermo Fisher Scientific) on a QuantStudio 3 real-time PCR
system (Applied Biosystems, Waltham, MA, USA), and compared
with standard curves. The expression levels of JAP-Fancd2 were
normalized to those of Thp as an internal control, and statistical
analysis was performed. Sequencing and bisulfite sequencing analyses
were performed as described previously [38]. Details are shown in
Supplementary Information and Supplementary Table 2.

Analysis of chromatin immunoprecipitation-sequencing data

Chromatin immunoprecipitation sequencing (ChIP-seq) data were
downloaded from DRA006633 [39]. ChIP-seq reads were trimmed
using Trimmomatic (version 0.36), and only paired reads were
subjected to subsequent analyses. Reads were mapped to the genome
using Bowtie2 with default settings. Reads mapped on the ENCODE
blacklist regions, the Y chromosome, and the mitochondrial genome
were removed using bedtools. To determine the dimethylation and
trimethylation of histone H3 lysine 9 (H3K9me2 and H3K9me3)
accumulation, peak calling was performed on each of the two mapping
datasets using MACS2 (ver. 2.1.4) with the following options: -f
BAMPE -g mm --broad -p le-5 [40]. Overlapping peaks in both
datasets were extracted using bedtools. Visualization of read coverage
was performed for RNA-seq data analysis.

Statistical analysis
Dunnett’s test was performed for gene expression analyses using
the Multicomp package (ver. 1.4.17) using R software (ver. 3.6.1) [41].

Results

Asz17~ mice phenotype

Initially, we confirmed the presence of RNA-seq reads mapped
to Aszl in gonocytes from 1dpp WT mice but not in Asz/~~ mice
(Fig. 1A). Western blotting showed that ASZ1 was completely
depleted in the testes of 3-week-old 4sz/~~ mice, in contrast to the
testes of WT mice (Fig. 1B). The testes of 6-week-old Asz/~~ mice
contracted more severely than those of WT and Asz/"~ male mice
(Fig. 1C). Histological analysis clearly showed that spermatocytes
were observed in both Asz/*~ and AszI”~ testes from 2-week-old
mice (Fig. 1D). However, elongated spermatids appeared in the
testes of 4-week-old 4szI*'~ mice, but not in those of similarly aged
AszI”~ mice. Consequently, spermatogenic cells were degenerated
in 6-week-old male Asz1~~ mice. This phenotype corresponds to
that previously reported in Asz/-null mice [23].

To assess when the spermatogenic defect was most prominent,
immunostaining was performed against the synaptonemal complex
(Fig. 2A). Spermatocytes were observed in the testes of 3-week-old
WT mice at all stages of meiotic prophase I. In contrast, spermatocytes
of Asz1~~ mice did not reach the pachytene stage. The most advanced
spermatocytes in Asz/~ testes were in the late zygotene stage, in
which homologous chromosomes underwent partial synapsis. This
finding indicates that spermatogenesis in 4sz/~~ mice is arrested at
the same stage not only in Mili”’~ mice but also in Miwi2~~ mice
[12,21].

Disruption of nuclear localization of MIWI2 in the gonocytes
of Asz17"~ mice

AszI deficiency has been reported to cause downregulation of MILI,
which induces post-transcriptional repression of retrotransposons in
gonocytes [23]. However, it is still unclear whether Asz/-deletion
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Fig. 1. Defects in spermatogenesis in Asz1

mice. (A) Expression of Asz/ in gonocytes of 1 dpp AszI™~ and AszI~~ mice. (B) Western blotting of testes

from 3-week-old wild-type (left) and 4sz/~ mice (right) and livers from 3-week-old AszI*"~ mice (negative control, middle). Western blot analysis
were performed using three biologically independent samples, however, three lanes for each sample are technical replicates in this gel image. (C)
Testes from 6-week-old wild-type (left), 4sz/™~ (middle), and AszI~~ mice (right). The ruler scale is 1 mm wide. (D) Histological analysis of testes
from 2-, 4-, and 6-week-old AszI "~ (top) and Asz/”~ mice (bottom). An arrowhead indicates an elongated spermatid. Scale bars indicate 100 pm.

affects MIWI2 expression, which introduces DNA methylation marks
on retrotransposons within a narrow time frame. Therefore, we
investigated MIWI2 expression in the fetal testes. Immunofluorescence
analysis revealed that MIWI2 was expressed in the gonocytes of both
testes from WT and Asz/~~ embryos at E17.5 (Fig. 2B). However,
although MIWI2 was detected in both the cytoplasm and nuclei of
WT fetal gonocytes, nuclear localization of MIWI2 was completely
eliminated in the gonocytes of Asz/~~ embryos. This suggests that

transcriptional repression of retrotransposon elements is disrupted in
AszI~~ gonocytes, presumably due to a lack of robust DNA methyla-
tion. Indeed, prominent upregulation of LINE1 open reading framel
protein (LIORF1p) in Asz/”~ gonocytes (Fig. 2C) was consistent
with the fact that piRNA pathway dysfunction causes retrotransposon
derepression in gonocytes [21, 23].
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Fig. 2. Failure of synapsis in spermatocytes and of nuclear localization of MIWI2 in gonocytes of Asz/~~ mice. (A) Immunofluorescence of the
synaptonemal complex in spermatocytes from the testes of 3-week-old wild-type (left) and Asz/~~ (right) mice. SCP1 and SCP3 were labeled
red and green, respectively. Scale bars indicate 10 um. (B) Localization of MIWI2 (red) in gonocytes from testes at E17.5 in wild-type (left) and
AszI7~ (right) mice. Nuclei (blue) were counterstained with DAPI. Scale bars indicate 10 pm. (C) Expression of LINE1 open reading framel protein
(L10ORF1p, green) in gonocytes from testes at E17.5 in wild-type (left) and 4sz/~ (right) fetuses. Nuclei (blue) were counterstained with DAPL

Scale bars indicate 10 pm.

The effects of piRNA pathway dysfunction on the gonocyte
transcriptome

Next, the influence of retrotransposon derepression on the gonocyte
transcriptome was investigated. Our RNA-seq data also showed that
LINE and long terminal repeat (LTR)-type retrotransposons were
upregulated in 1 dpp 4szI~~ mouse gonocytes compared to those of
WT mice (Fig. 3A). Furthermore, differential gene expression analysis
revealed that 275 and 216 genes, excluding retrotransposons, were
significantly upregulated and downregulated, respectively, in Asz/~~ 1
dpp mouse gonocytes relative to those of WT mice (Fig. 3B). Since
gene ontology analysis of these 491 differentially expressed genes

(DEGs) revealed enrichment of only a few terms (data not shown),
we focused on DEGs individually. Features that can explain abnormal
spermatogenesis or the association with retrotransposon activity were
not found in downregulated DEGs but in upregulated DEGs (Fig. 3B
and Supplementary Table 3). The expression levels of apolipoprotein
H (4poh), which is expressed in adult testes and is suggested to be
involved in apoptosis [42], were approximately 100-fold higher
in AszI~"~ mouse gonocytes than in WT mice (Fig. 3B and 3C).
Interestingly, the Apoh transcription start site was newly formed in
intron 3, which was absent in canonical exons 1 to 3 (Fig. 3C). A
manual view of the alignment reads revealed that some reads were
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Fig. 3. RNA-seq analyses in gonocytes of 4sz/~~ mice. (A, B) MA plots depicting changes in expression levels of retrotransposons (A) and genes (B) in

gonocytes of sz~

mice relative to those of wild-type mice. Differentially expressed retrotransposons (DERs) and genes (DEGs) in gonocytes of

AszI~~ and wild-type mice were defined by statistical significance (FDR < 0.01) and a greater than 2-fold change. DERs and DEGs are shown as
red plots. Non-DERs and non-DEGs are shown as black plots. (C) IGV genome browser tracks showing Apof in gonocytes of wild-type and Asz1~~
mice. MSTRG.3376.2 is the aberrant exon of the Apoh transcript variant identified by StringTie software.

mapped across the new exon and the original Apoh exon 4. Thus, the
transcript variant of Apoh was upregulated in Asz/~~ mouse gonocytes.
To understand the cause of the increased expression of the transcript
variant at the Apoh loci, we investigated the reference sequence
of Apoh intron 3. As shown in Fig. 3C, IAPLTR1 _Mm_dup60,

which is an LTR retrotransposon, and B Mus1 dup5929, a short
interspersed element (SINE), is located in Apoh intron 3. To date,
there has been no evidence that SINE expression is regulated by
piRNAs. Indeed, our data did not show upregulation of any SINE-
type retrotransposons (Supplementary Fig. 3). Taken together, we



EFFECTS OF PIRNA DISRUPTION ON GERMLINE 131

hypothesized that transcription from IAPLTR1 Mm_dup60 was
activated in Asz/~~ gonocytes (Fig. 3A), and IAPLTR1_Mm_dup60
may trigger the generation of the ectopic transcription start site of
Apoh (hereafter referred to as /4P-Apoh). Specifically, an aberrant
chimeric transcript variant is activated by the promoter activity of
a derepressed retrotransposon.

Detection of aberrant chimeric transcript variants in gonocytes

As described above, it has been suggested that derepressed
retrotransposons drive the transcription of neighboring genes,
rendering the gonocyte genome susceptible to generating transcript
variants. Therefore, we attempted to detect retrotransposon-driven
transcript variants among DEGs in Asz/~~ gonocytes. As a result,
32 transcripts were identified as aberrant chimeric transcript variants
(Supplementary Table 4). Most of them lacked one or more exons of
canonical transcripts because retrotransposons are located in intronic
regions of the genes, and retrotransposon-driven transcript variants
are shared with the 3' exons of the canonical transcripts. Therefore,
the expression levels of the aberrant chimeric transcript variants
were comprehensively investigated (Fig. 4A). These transcripts were
divided into two groups based on hierarchical clustering of their
expression patterns between WT and AszI~~ mouse gonocytes. Group
A contained transcripts that were not constitutively expressed in WT
mouse gonocytes but were expressed by upstream retrotransposons in
Aszl7~ mouse gonocytes, such as Apoh. In contrast, transcripts clas-
sified into group B exhibited higher expression levels in Asz/~~ mice
gonocytes than in those of WT mice due to retrotransposon-driven
aberrant transcripts in Asz/~~ mouse gonocytes. We focused on the
expression of Fancd2 among the transcripts in group B (Fig. 4B).
An integrative genomic viewer revealed that canonical Fancd? is
expressed in gonocytes of both WT and Asz/~~ mice. However, the
aberrant chimeric transcript variant of Fancd? (hereafter referred
to as IAP-Fancd?) was expressed upstream of canonical Fancd?2
exon 8 only in 4sz/~ mouse gonocytes. This led to increased read
counts of canonical Fancd?2 exon 8 and its 3' exons, resulting in the
detection of Fancd?2 upregulation (Fig. 4C). Sequencing analysis
of IAP-Fancd2 demonstrated that the splice site predicted from a
genomic context and the exon 8 of canonical Fancd2 were joined
(Fig. 4D). In addition to [AP-Fancd2, one or more LTR-or LINE-type
retrotransposons were located within 1 kb upstream of 28 out of
32 aberrant chimeric transcript variants (Supplementary Table 5).

Taken together, our results indicate that aberrant chimeric transcript
variants disrupt the normal transcriptome profile of gonocytes by
derepressing retrotransposons in 4szI~~ mice.
DNA methylation in Asz17'~ mice gonocytes

Next, we examined the DNA methylation status of the retrotrans-
posons that cause transcript variants in gonocytes from 1 dpp
mice. At the JAPLTR1_Mm_dup60 locus, which drove I4P-Apoh
transcription, both hyper- and hypomethylated DNA strands were
detected in the gonocytes of 4sz/~~ mice, although they were almost
completely hypermethylated in the gonocytes of WT mice (Fig.
5A). DNA methylation analyses of IAPLTR2a_dup28, which drove
IAP-Fancd? transcription, also showed similar tendencies (Fig.
5B). To understand whether gonocytes harboring hypermethylated
alleles could survive in the testes of 4sz/~~ mice, we performed
DNA methylation analysis in testicular germ cells, that is, gonocyte
descendants. Bimodal methylation was also observed in testicular
germ cells from 2-week-old 4sz/~~ mice (Fig. 5C). Although the
average DNA methylation levels of retrotransposons associated with
nine another retrotransposon-driven transcript variants were lower in

gonocytes of 4sz/~~ mice than in WT mice at 2 weeks of age (Fig. 5D),

hypermethylated alleles were also detected at each locus. Thus, loss
of DNA methylation of retrotransposons in 4sz/~~ mouse gonocytes
may be the underlying cause for derepression of retrotransposons
and expression of aberrant chimeric transcript variants.

IAP-Fancd? is repressed in neonatal oocytes independent of
the piRNA pathway

MIWI2, which is critical for DNA methylation of retrotransposons,
is not expressed in oocytes during oogenesis [7]. Furthermore, our
previous study showed that DNA methyltransferase 3a2 (DNMT3A2)
and 3L (DNMT3L) are not expressed in non-growing oocytes from
1 dpp female mice [43]. These results prompted us to investigate the
expression of a retrotransposon-driven transcript variant [AP-Fancd?2
in neonatal oocytes. RNA-seq data of non-growing oocytes from
1 dpp mice exhibited low expression of /4P-Fancd? (Fig. 6A).
qRT-PCR analysis also revealed much lower expression levels of
IAP-Fancd?2 in 1 dpp oocytes than in 4sz/~~ mouse gonocytes (Fig.
6B). To understand the mechanism of /4P-Fancd?2 repression in
non-growing oocytes lacking MIWI2, DNMT3A2, and DNMT3L
expression, we investigated repressive histone modifications. ChIP-seq
data showed that H3K9me2 was enriched at the transcriptional start
site of I4P-Fancd?2 in non-growing oocytes of 1 dpp mice (Fig. 6C).
Similar to JAP-Fancd2, H3K9me2 and H3K9me3 were enriched in
IAP-Apoh in non-growing oocytes (Supplementary Fig. 4). Repressive
histone marks on these regions were also observed in male and
female germ cells of E13.5 fetuses, and gonocytes of the 1 dpp mice
(Supplementary Fig. 5 and Supplementary Fig. 6). These data suggest
that repression of retrotransposon-driven aberrant transcripts may
be achieved through histone modification in a piRNA-independent
manner in early spermatogenesis and oogenesis.

Discussion

The effects of the absence of the fetal piRNA pathway on gonocytes
are not fully understood. In the present study, we investigated the
transcriptomic effects of fetal piRNA dysfunction in gonocytes
using Asz! KO mice. We revealed that gonocytes before mitotic
resumption give rise to aberrant chimeric transcripts due to a lack
of piRNA machinery.

It has been shown that the phenotype of 4sz/~~ mice is similar
to that of Mili-null mice. ASZ1 colocalizes with MILI on the mito-
chondrial outer membrane and is essential for piRNA production,
presumably by providing a scaffold with MILI [12, 21, 23, 26]. It
is also known that loss of Asz/ depletes MILI in gonocytes [23].
MILI regulates post-transcriptional repression of retrotransposons,
whereas MIWI2 binds to piRNA produced by MILI and recruits
DNA methyltransferases to a retrotransposon sequence to repress
its transcription [6, 19]. First, we demonstrated that Asz/~~ male
mice exhibited the same phenotypes as Mili-null mice. As reported
previously, meiotic spermatocytes of 4sz/~~ mice did not progress
beyond the zygotene stage (Fig. 2A), which is consistent with previous
reports on Mili- or Miwi2-null mice [12, 21]. Furthermore, we found
that MIWI2 was localized in both the nuclei and cytoplasm of WT
mice gonocytes but was excluded from the nuclei of Asz/~~ mice,
presumably due to the depletion of MILI in Asz/~~ mice (Fig. 2B).
Loss of DNA methylation at retrotransposon elements and loss of
retrotransposon expression was also observed in Asz/~~ mouse
gonocytes (Fig. 5 and Fig. 3A). Thus, we emphasize that Asz/ deletion
results in MILI and MIWI2 dysfunction in gonocytes.

Next, the effects of 4sz/-deletion on the transcriptome profiles
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were investigated in the gonocytes of 1 dpp mice. Gonocytes at the
center of the testicular cord are the origin of spermatogonial stem cells
and the 1st wave of spermatogenic cells. However, there have been
few reports on transcriptome analysis of gonocytes lacking piRNA
machinery [44]. Here, we showed that only a small number of DEGs
were identified in AszI~~ mouse gonocytes compared to those in WT
mice. This is consistent with the fact that fetal piRNAs are unlikely to
target exons of protein-coding genes, and gonocytes lacking piRNA
machinery do not exhibit prominent abnormal phenotypes [10, 45].

Currently, DEGs in gonocytes do not delineate the pathways. It
remains unknown whether up- or downregulation of these genes is
a secondary effect of certain genes. Among the DEGs, Apoh, one
of the highly upregulated genes in Asz/~~ mice, consisted of non-

annotated transcript variants that were transcribed by the promoter
ofthe derepressed IAP retrotransposon, which is located in the Apoh
intron (Fig. 3C). It has been reported that Apoh is upregulated in
the testes of Mili"~ mice at 10 days old and is upregulated by IAP
retrotransposon promoter activity in spermatogonia of Dnmt3I- or
Miwi2-knockout mice [20, 46]. Therefore, we revealed that the
expression of aberrant chimeric transcript variants is initiated in
gonocytes before the differentiation of spermatogenic cells in mice
lacking piRNAs. In addition, upregulation of aberrant chimeric
transcripts in Asz/”~ mouse gonocytes was induced by a lack of DNA
methylation rather than post-transcriptional repression mechanisms.
Indeed, we found that, in most cases, the retrotransposon element that
is governed by piRNA is located within 1 kb upstream of aberrant
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chimeric transcript variants (Supplementary Table 5) and is not fully
methylated in Asz/~~ mouse gonocytes (Fig. 5A-B). Interestingly,
only a few aberrant chimeric transcript variants had retrotransposon
elements, such as SINE. To the best of our knowledge, there are no
studies reporting that SINE is regulated by piRNAs. Therefore, it
remains unknown why these aberrant transcripts were expressed
when AszI was deleted.

We demonstrated that Apoh, Sult2a5, Cdhli2, etc., were expressed
in gonocytes of in 4sz/~~ mice, but not those of WT mice. Therefore,
these retrotransposon-dependent transcript variants were easily
detected as DEGs (Fig. 3B). On the other hand, we found that
transcript variants of constitutively expressed genes generated by
retrotransposons in WT mouse gonocytes which are essential for
normal spermatogenesis, such as I4P-Fancd2, were significantly
upregulated in Asz/~~ mice. These aberrant chimeric transcript
variants may have been difficult to detect because they are hidden
by the expression of canonical transcripts in mice lacking piRNA
machinery. Aberrant chimeric transcript variants, such as I4P-
Fancd?, have not been observed in spermatogenic cells, including
gonocytes, in Miwi2-, Pld6-, or Dnmt3/-null mice [47]. Our results
suggest that the piRNA pathway plays a role in repressing aberrant
chimeric mRNA via DNA methylation in gonocytes earlier than in
spermatocytes. In addition to DNA damage, the accumulation of
aberrant chimeric transcripts during differentiation of gonocytes to
spermatocytes by derepression of retrotransposons may be one of
causes for inhibiting normal spermatogenesis [21]. Further studies
are required to understand whether aberrant chimeric transcripts
affect spermatogenesis.

In gonocytes and spermatogenic cells of Asz/~”~ mice, the DNA
methylation status of retrotransposons located in a region upstream
of aberrant chimeric transcript variants exhibited hyper- and hypo-
methylation (Fig. 5). Hypomethylation of retrotransposons may be
due to MIWI2 dysfunction in 4sz/~~ mice, whereas hypermethylated
alleles of retrotransposons in Asz/~'~ mice could be a result of their
resistance to genome-wide DNA demethylation during PGC dif-
ferentiation or de novo DNA methylation independent of the piRNA
pathway in gonocytes [4, 48]. Furthermore, such heterogeneous
DNA methylation status might induce heterogeneous expression
of aberrant chimeric transcript variants among spermatogenic cells
in AszI~~ mice. Gonocytes differentiated from PGCs in fetal testes
resume mitotic proliferation and acquire spermatogonial stem cell
capability between 2 and 4 dpp in mice [49, 50]. Therefore, the piRNA
pathway, including ASZ1, has the potential to prevent heterogeneity
in spermatogonial stem cells.

Although MIWI2 is not expressed during oogenesis, IAP-Fancd2
was repressed to the basal level in neonatal oocytes, suggesting that
H3K9me?2 is involved in repressing retrotransposons. Repressive
histone marks on retrotransposon have already been enriched in
both male and female germ cells by E13.5. In male germlines,
however, demethylation of H3K9 and H3K27 on retrotransposons
and H3K4 trimethylation occurs, leading to transient upregulation
of retrotransposons [51]. This process occurs concomitantly with the
transcription of piRNA clusters, including antisense retrotransposon
sequences and piRNA production [52]. To establish DNA methyla-
tion and repress retrotransposons, lysine (K)-specific demethylase
(KDM) 1A and 5 B interacting with MIWI2 are thought to catalyze
the demethylation of H3K4 on retrotransposons in fetal gonocytes
[53]. The present study demonstrated that di- and trimethylation
of H3K9 was enriched in the /4P-Fancd2 and IAP-Apoh loci in
male germ cells of E13.5 fetuses and gonocytes of 1 dpp mice.
It is unknown whether these repressive histone marks are locally

maintained from E13.5, or reestablished after DNA methylation in
the perinatal stage. In contrast, in the female germline, oocytes might
depend on H3K9me?2 to repress retrotransposons instead of DNA
methylation via the piRNA pathway. Indeed, it has been reported that
chimeric transcripts mainly with IAP are generated in female germ
cells in SET domain bifurcated 1 (Setdb 1, encoding a histone lysine
methyltransferase) conditional knockout mouse fetuses at E13.5,
produced by crossing tissue-nonspecific alkaline phosphatase-Cre
recombinase (TNAP-Cre) mice and Setdb! flox mice [54]. These
conditional knockout mice had reduced ovary size, and the maternal
Setdb1-deleted allele was never transmitted to their descendants.
However, the effect of SETDB1 deletion on oocytes has not been
investigated because of the drastic loss of oocytes. In this regard,
an oocyte-specific gene knockdown system that exhibits a milder
phenotype than that a gene KO system which can avoid germ cell
loss may be able to elucidate how retrotransposon derepression
affects oocyte development during oogenesis [55].

In conclusion, we found that 4sz/ repressed retrotransposons and
retrotransposon-driven aberrant chimeric transcripts in gonocytes
through DNA methylation via the piRNA pathway. The piRNA
pathway has a potential role in the homogenous transcriptome of
gametes to ensure the integrity of spermatogenesis. In contrast, a
piRNA-independent repressive mechanism of retrotransposon-driven
aberrant chimeric transcripts was observed in oocytes. Further studies
are required to understand the impact of retrotransposons on oocyte
development.
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