Journal of Advanced Research 51 (2023) 45-57

Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier.com/locate/jare

Original Article

Genome-wide map of R-loops reveals its interplay with transcription R

Check for

and genome integrity during germ cell meiosis

Yu Jiang*!, Fei Huang *', Lu Chen®!, Jia-Hui Gu®', Yun-Wen Wu*?, Meng-Yan Jia”, Zhen Lin ¢, Yong Zhou ¢,
Yan-Chu Li¢, Chao Yu®!, Ming-Han Tong¢, Li Shen®*, Heng-Yu Fan***, Qian-Qian Sha ¢*

2The MOE Key Laboratory of Biosystems Homeostasis & Protection and Innovation Center for Cell Signaling Network, Life Sciences Institute, Zhejiang University,

Hangzhou, Zhejiang 310058, China

b College of Animal Sciences, Zhejiang University, Hangzhou 310058, China
¢State Key Laboratory of Molecular Biology, Shanghai Key Laboratory of Molecular Andrology, Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of

Sciences, Shanghai 200031, China

d Fertility Preservation Laboratory, Reproductive Medicine Center, Guangdong Second Provincial General Hospital, 510317 Guangzhou, China
€Key Laboratory of Reproductive Dysfunction Management of Zhejiang Province, Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou,

Zhejiang 310058, China

fCollege of Life Sciences, Zhejiang University, Hangzhou, Zhejiang 310058, China

HIGHLIGHTS
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« The high frequency of R-loop in
meiotic cells are usually accompanied
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entry caused R-loop accumulation
with abnormal DSB repairing.

« R-loop accumulated in leptotene/
zygotene stage influenced
downstream transcription in
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ARTICLE INFO

Article history:

Received 9 May 2022

Revised 14 August 2022

Accepted 28 October 2022
Available online 14 November 2022

Keywords:

R-loop

Meiosis
Spermatogenesis
Genome stability

GRAPHICAL ABSTRACT

WT Rnaseh1fl- ; Stra8-Cre
5._m_31 5,_ﬁ_@
S —s : ,
> 37‘11@.—5
e =>F ~—— mRNA
S‘I\—s’ S’J\—s* DNA
: 8 - 2 3‘._/_an‘_5, = R-loop
~""  Elongating sml
N . RNA polymerase
*%:\\ ke ‘\\3@ Q{&/ X "f% < pse
& i RNase H1
L Zygotene Pachy Ley IZygotene hy

ABSTRACT

Introduction: The R-loop is a naturally formed three-strand nucleic acid structure that recently has been
reported to participate in multiple biological processes and helped answer some previously unexplained
scientific questions. Meiosis process involves multiple chromatin-related events such as DNA double-
stranded breaks (DSB) formation, repairing and transcriptional dynamics.

Objectives: Explore the regulatory roles and physiological functions of R-loops in the mammalian meiosis
process.

Methods: In our study, using genome-wide S9.6 CUT & Tag seq, we first mapped the genomic distribution
and dynamic changes of R-loop during the meiotic process in mice, from spermatogonia to secondary
spermatocytes. And we further explore the role of R-loop in physiological conditions by constructing con-
ditional knockout mice of Rnaseh1, which deleted the R-loop endonuclease before meiosis entry.
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Results: R-loop predominantly distributes at promoter-related regions and varies across different meiotic
stages. By joint analysis with the corresponding transcriptome, we found that the R-loop was closely

related to transcription during the meiotic process. The high frequency of promoter-related R-loop in
meiotic cells is usually accompanied by high transcription activity, and we further verified this in the lep-
totene/zygotene to the pachytene transition process. Moreover, the lack of RNase H1 caused sterility in
male mice with R-loop accumulation and abnormal DSB repair in spermatocytes. Further analysis showed
that abnormal R-loop accumulation in the leptotene/zygotene stages influenced transcriptional regula-
tion in the pachytene stage.
Conclusion: The mutual regulation of the R-loop and transcription plays an essential role in spermatoge-
nesis. And R-loop is also important for the normal repair process of DSB during meiosis.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Meiosis is a complicated process of sexual reproduction. The
unique programmed formation and resection of DNA double-
strand breaks (DSBs) and subsequent homologous recombination
are the most important events of meiosis, which determine accu-
rate chromosome segregation and the generation of new parental
alleles [1]. In mammalian meiosis, the resected 3’ single-strand
overhangs at DSBs are covered with single-strand DNA (ssDNA)
binding proteins RPA and strand-exchange proteins DMC1/RAD51
to search for homologous chromosomes. DSBs are repaired follow-
ing homologous chromosome synapsis, during which homologous
recombination occurs. The DSB repair process requires many
essential factors to function cooperatively and is monitored by a
strict surveillance mechanism called the meiotic recombination
checkpoint [2].

During transcription, the nascent RNA hybridized with the com-
plementary DNA strand to generate an RNA-DNA hybrid duplex
and a displaced non-template single DNA strand, this three-
strand structure is called an “R-loop” [3]. The R-loop plays multiple
physiological roles in cells, for example, by influencing transcrip-
tion [4], triggering DNA repair response [5] and threatening gen-
ome integrity [5-8], causing replication stress [9-11] and even
changing chromatin landscapes [12]. Recently, Liu et al. reported
that RNA-DNA hybrids (R-loop) also contribute to the DSB repair
process in U20S cells [13]. RNA polymerase III catalyzes transcrip-
tion at DSBs, forming a transient RNA-DNA hybrid to protect the
3’overhang from degradation before RPA binding [13]. However,
the potential involvement of R-loops in DSB repair during mam-
malian germ cell meiosis has not been investigated.

R-loops participate in multiple biological processes and is
essential for maintaining the stability of the genome, thus, the for-
mation and resolution of R-loop are proposed to be highly regu-
lated. Several enzymes contribute to the removal of R-loops. The
helicases, SETX and Aquarius [14-16], are considered to have
RNA/DNA helicase activity [17]. Additionally, topoisomerase I is
reported to prevent the pairing of the nascent RNA with DNA by
resolving the negative torsional stress [18,19]. Moreover, it is con-
sidered that RNA processing and exporting factors also contribute
to preventing R-loop formation by binding nascent mRNA in time
[20,21]. The most important step is performed by endoribonucle-
ase H, including RNase H1 and RNase H2, which digests the paired
RNA strand in R-loops [22-24]. It has been reported that knockout
of Rnaseh1 in mice causes embryonic lethality [25].

The R-loop also participates in the meiotic DSB repair process.
In Saccharomyces cerevisiae, the THO complex is responsible for
transporting nascent RNA to the cytoplasm. Deletion of Hprl sub-
unit in THO complex caused increased DSB formation and new
SPO11-independent DSB, which can be partially rescued by RNase
H1 overexpression. In Caenorhabditis elegans, THO mutants cause
genome instability and trigger the pachytene checkpoint [26]. In
mice, Setx”/- mice showed accumulation of R-loops and persistence
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of RNA polymerase II with abnormal meiotic sex chromosome
inactivation [27]. However, several key questions regarding the
role of R-loop in meiosis remain unanswered. In the complicated
meiotic process, the formation, removal, and biological importance
of the R-loop at each developmental stage are unclear. The inter-
play among meiotic R-loops, transcription, and DSB formation/re-
pair still needs to be determined. The physiological function of
RNase H1, the major R-loop endoribonuclease, in meiosis has not
been investigated.

To explore the detailed role of R-loops in meiosis, we used S9.6
CUT & Tag-seq to map the distribution of R-loops in the genome at
each stage of meiosis, revealing the distribution of R-loops in the
genome under normal physiological conditions. We compared
the results of RNA-seq and S9.6 CUT & Tag-seq to analyze the
potential relationship between the distribution of R-loops and
transcriptional activity. Ultimately, we constructed a germ cell-
specific Rnaseh1 knockout mouse strain and analyzed the physio-
logical role of R-loops in meiosis.

Materials and methods
Histology and immunostaining

The testes and cauda epididymis were fixed in Bouin’s solution
for histological analysis and 4% paraformaldehyde for immunos-
taining. After dehydration, samples were embedded in paraffin
and sectioned at 5 pum thickness per slice. For histological analysis,
slides were deparaffinized, rehydrated, and co-stained with hema-
toxylin and eosin. For immunofluorescence, sections were boiled in
10 mM sodium citrate buffer (pH 6.0) for 15 min and cooled to
room temperature, after washing with ddH20, blocked samples
with 5% BSA for 30 min and then incubated with primary antibod-
ies overnight at 4 °C. After washing, sections were incubated with
secondary antibodies for 30 min. mounted with glycerin after
washing and then took photos with fluorescence microscopy. The
antibodies used are listed in Supplementary Table 2.

Spermatocyte nuclei spreading and staining

Meiotic chromosome spreads were prepared as previously
described [28].

Western blotting

Collected 5 x 10* spermatogenic cells per sample, lysed in load-
ing buffer with B-mercaptoethanol and then boiled for 5 min at
95 °C. SDS-PAGE running and immunoblotting were performed
according to the standard protocol of Mini-PROTEAN Tetra Cell
System (Bio-Rad, CA, USA). The antibodies are shown in Table S2.
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Isolation of spermatogenic cells with FACS

Spermatogenic cells were isolated from 6-week-old male mice
according to a previously published protocol [29].

RNA-seq

Spermatocytes were collected (1,500 cells per sample) with
FACS as described above. The cDNA synthesis was performed
according to the Smart-seq2 method as described previously
[30]. 500 pg cDNA were taken for Sequencing libraries construction
with TruePrep DNA Library Prep Kit V2 for Illumina (TD503;
Vazyme, Nanjing, China). And then sequence with barcoded
libraries on the Illumina HiSeq X™ Ten platform.

RNA-seq data analysis

Paired-end 150 bp reads of RNA-seq were aligned to the mm9
reference genome (UCSC) using the STAR alignment tool (version
2.7.3a) with default parameters [31]. Uniquely mapped reads were
employed to quantify gene expression using RSEM software (ver-
sion 1.3.1) [32]. Fragments per kilobase per million mapped reads
(FPKM) were calculated to estimate the gene expression levels,
normalized for gene length and sequencing depth. The Euclidean
distance based on the FPKM values was used to evaluate the sim-
ilarities across biological replicates. Differential gene expression
analysis was carried out using the DESeq2 R package, adjusted P-
value < 0.05, and absolute fold change > 2 were used as statistical
significances to identify differentially expressed genes (DEGs). The
results of the analysis are listed in Supplementary Table 3.

R-loop CUT & Tag library construction

R-loop CUT & Tag were performed as previously described, with
some modifications [33]. In brief, 5 x 10* spermatogonia were
sorted and washed once in 0.5 mL wash buffer [20 mM Hepes
(pH 7.5); 150 mM NacCl; 0.5 mM spermidine; and 1 x protease
inhibitors] and were incubated with 10 pL pre-washed con-
canavalin A-coated magnetic beads in a 1.5 mL microtube at
25 °C for 10 min. Cells were resuspended in 80 pL ice-cold antibody
incubation buffer [20 mM HEPES (pH 7.5); 150 mM NacCl; 0.5 mM
spermidine; 1 x protease inhibitors; 0.025% digitonin; 0.01% NP-
40; and 2 mM EDTA] with 1 pg S9.6 antibody per sample
(MABE1095; MilliporeSigma), and then rotated end-over-end at
4 °C overnight. The cells were resuspended in 100 pL of dig-wash
buffer [20 mM Hepes (pH 7.5); 150 mM NaCl; 0.5 mM spermidine;
1 x protease inhibitors; 0.025% digitonin) with rabbit anti-mouse
IgG (1:100 dilution, Ab6709; ThermoFisher) and rotated end-
over-end at 25 °C for 1 h. After washing, home-made pA-Tn5 adap-
ter complexes in dig-300 buffer (20 mM Hepes [pH 7.5]; 300 mM
NacCl; 0.5 mM spermidine; 1 x protease inhibitors; 0.01% digitonin]
were added to the samples at a final concentration of 1:100 and
then rotated end-over-end at 25 °C for 1 h. After washing, the cells
were resuspended in 300 pL fragmentation buffer [dig-300 buffer
with 10 mM MgCl,] and incubated at 37 °C for 1 h. To stop frag-
mentation and solubilize DNA fragments, 10 pL of 0.5 M EDTA,
3 pL of 10% SDS and 2.5 pL of 20 mg/mL Proteinase K were added
to each sample and incubated at 50 °C for 1 h. After extraction with
phenol-chloroform and ethanol precipitation, the libraries were
amplified by PCR. The barcoded libraries were pooled and
sequenced on the Illumina HiSeq X™ Ten platform to generate
150 bp paired-end reads.
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R-loop data analysis

Raw reads of S9.6 CUT & Tag data were trimmed to filter low-
quality bases using TrimGalore (version 0.6.4; https://github.-
com/FelixKrueger/TrimGalore). Trimmed reads were aligned to
the mm9 reference genome (UCSC) using Bowtie 2 aligner [34]
with parameters “--local -I 10 -X 700.” Unmapped or multi-
mapped reads and reads mapped to the mitochondrial DNA (chrM)
were discarded. For unique alignments, duplicate reads were
marked by “Mark Duplicates” function of Picard software https://
broadinstitute.github.io/picard/). Uniquely mapped reads were
used to carry out peak calling using MACS2 with a no-local lambda
mode [35]. We used input samples as controls for peak calling, and
candidate R-loop peaks in WT spermatogonia and spermatocytes
were defined by the fold change of IP/input > 2 and adjusted P-
value < 0.05. The read coverage of candidate R-loop peaks was nor-
malized by reads per kilobase per million mapped reads (RPKM)
using deepTools [36]. A putative “R-loop site” was defined as the
peak center with RPKM maxima.

For comparison of R-loop signals across different stages and
samples, we performed spike-in normalization through mapping
S9.6 reads to the E. coli genome by Bowtie2. CUT&Tag reads were
normalized by toal aligned reads (RPKM) and spike-in scaling fac-
tors calculated by E. coli% reads. The track files of normalized reads
were generated with bamCoverage function of deepTools for
visulization.

For comparison of R-loop signals across different samples, we
generated read count normalized genome-wide pileup tracks using
‘SPRM’ function of MACS2, then output bigwig files to
visualization.

The genomic distribution of R-loop peaks was annotated by
“ChIP seeker” R package. Each non-intergenic R-loop peak was
assigned to the nearest gene. Dynamic R-loop genes were defined
as genes with alterations in signal intensity between leptotene/zy-
gotene and pachytene/diplotene. The results of the analysis are
listed in Supplementary Table 4.

Statistical analysis

Student’s t-test and Mann-Whitney-Wilcoxon test were used to
compare continuous variables between the two groups (*P < 0.05,
**P < 0.01, **P < 0.001; n.s., not significant). Analysis of variance
(ANOVA) was used to estimate variance among multiple groups.
Fisher’s exact test was used to compare the categorical variables.
The P-values in multiple tests were adjusted to the false discovery
rate (FDR) using the Benjamini-Hochberg method.

Results

Most R-loops predominantly distribute at promoter regions during
spermatogenesis

To explore the role of the R-loop in the meiotic process, We first
use S9.6 CUT & Tag-seq to detect the distribution and dynamic
changes of R-loop in the genome during spermatogenesis. We
selected four main stages of spermatogenesis to perform
genome-wide R-loop mapping: spermatogonia (SPG), leptotene/
zygotene (L/Z), pachytene/diplotene (P/D), and secondary sperma-
tocytes (MII). The purity of the isolated meiotic prophase I cells
was verified by SYCP3-yH2AX staining (Fig. STA). A total of 2,849
R-loop peaks were detected in SPG, more than 1,041 peaks
detected in L/Z and 1,900 peaks of P/D, and only 346 peaks were
detected in the MII stage. Genomic distribution analysis of the four
stages showed that the genomic distributional composition of the
R-loop varied across different stages, but the vast majority of R-
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Fig. 1. Genomic distribution of R-loop peaks during spermatogenesis. A: Pie charts showing the genomic distribution variation of R-loop peaks during spermatogenesis.
SPG, spermatogonia; L/Z, leptotene/zygotene; P/D, pachytene/diplotene; MII, secondary spermatocytes. B: Genomic metaplots showing relative signal intensity comparison of
R-loops across the 2 kb window around gene bodies in spermatogonia and spermatocytes. R-loop signals of different stages were normalized based on library sizes and spike-
in scaling factors. C: Alluvial plots showing the global dynamics of genes with R-loop and genes without R-loops during spermatocyte development. Each line represents an R-
loop gene, defined as a gene-detected R-loop peak in at least one analyzed stage. D: Box plots showing the expression level comparison of different gene clusters grouped by
R-loop variation between adjacent stages in meiotic progress. E: Scatter plots showing the comparison of signal intensities of R-loop peaks between leptotene/zygotene and
pachytene/diplotene spermatocytes. F: Volcano plots showing differentially expressed genes between leptotene/zygotene and pachytene spermatocytes. Genes upregulated
(FC>2; FDR < 0.05) and downregulated (FC < 1/2; FDR < 0.05) in pachytene spermatocytes are colored red and blue, respectively. G: Venn diagrams showing the overlap of R-
loop accumulated genes and transcriptionally upregulated R-loop genes in leptotene/zygotene to pachytene stage. H: Venn diagrams showing the overlap of R-loop decreased
genes and transcriptionally downregulated R-loop genes in leptotene/zygotene to pachytene stage. I: Venn diagrams showing the overlap of H3K4me3 peaks in genes
promoter regions and R-loop peaks in leptotene/zygotene spermatocytes (Fisher’s exact test; ***P < 0.001). J: Venn diagrams showing the overlap of H3K4me3 peaks in genes
promoter regions and R-loop peaks in pachytene spermatocytes (Fisher’s exact test; ***P < 0.001). K: Example snapshot of the relative distribution of the R-loop, H3K4me3,
and downstream transcriptional level. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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loop signals were localized at promoter regions, especially in L/Z
spermatocytes (Fig. 1A). Further comparison of R-loop signals
across the whole transcripts showed that the TSS-related region
showed a much stronger signal than other areas. Among the four
stages, SPG had the highest signal intensity, and L/Z had slightly
higher R-loop signals than P/D, and MII had the lowest signal
intensity (Fig. 1B). Furthermore, we utilized heatmaps to show
the patterns of R-loop read density across WT spermatogonia/sper-
matocytes (Fig. S1B). The high frequency of R-loop appearance at
the promoter and promoter-related regions implied that the R-
loop might be related to the transcriptional process during meiosis.

The establishment and clearance of the R-loop on each gene are
also dynamic at different stages of the meiotic process (Fig. 1C).
According to the dynamic changes of the R-loop signal in adjacent
stages, we divided R-loop genes into four groups: non-R-loop, R-
loop-gained, R-loop-lost and R-loop maintained. Transcriptional
analysis (combined with previous RNA-seq data GSE133636)
showed that the R-loop-gained genes were always accompanied
with higher transcription than other genes, while the R-loop-lost
genes mostly appeared at lower transcriptional levels (Fig. 1D).

Clustering analysis of all replicates revealed that SPG showed
more correlations with LZ, but PD showed more correlations with
MII (Fig. S1C). It is surprising that L/Z and P/D showed similar
intensities but were clustered into different groups (Fig. S1C). We
used the L/Z to P/D transition as an example to explore the impor-
tant role of the R-loop in meiotic developmental progress. Firstly,
we analyzed the R-loop dynamics during L/Z to P/D differentiation.
Across all detected R-loop peaks between L/Z and P/D, 16.8% of R-
loop peaks (total 386 peaks) were higher in L/Z than P/D, but 40.9%
of peaks (total 936 peaks) were lower in L/Z (Fig. 1E; S1D).
Dynamic R-loop genes were defined as genes that detected differ-
ential R-loop peaks between L/Z and P/D. There were also dynamic
transcriptional changes during L/Z to P/D transition. A total of
1,850 genes were downregulated, and 2,056 genes were upregu-
lated by 2-fold change screening (Fig. 1F). Above differentially
expressed genes (DEGs) detected R-loop peaks in the promoter
region were assigned to R-loop DEGs. Further intersection analysis
of the dynamic R-loop genes and R-loop DEGs during L/Z to P/D
transition showed a significant overlapping ratio (Fig. 1G-H).
Briefly, 60% of up-regulated R-loop DEGs overlapped with
increased R-loop genes (P-value = 1.8e-8), 35% of down-regulated
R-loop DEGs were shared with decreased R-loop genes (P-
value = 3.7e-11). Interestingly, we also observed 87% of L/Z R-
loop peaks, 72% P/D R-loop peaks were shared with the
H3K4me3 peaks in genes promoter regions respectively, which
partially supports the close relationship between the R-loop and
transcription (Fig. 1I-J). As shown in the genome browser of
Usp28, lower levels of R-loop from L/Z to P stage at promoter
regions are accompanied by decreasing H3K4me3 modification,
following downstream lower transcriptional levels in P (Fig. 1K).
Taken together, the R-loop is predominantly distributed at pro-
moter regions and is closely related to the transcriptional process
in meiosis.

RNase H1 deletion in pre-meiotic germ cells causes spermatogenic
defects

The endoribonuclease, RNase H1 plays a crucial role in the
removal of R-loops. Thus, we selected RNase H1 as a starting point
to explore the biological function of R-loops during meiotic pro-
gression. During the first wave of spermatogenesis, spermatocytes
and spermatids of various developmental stages gradually appear
in the seminiferous tubular lumen. We selected mouse testes at
10, 12, 16, 28, and 42 days to specify different developmental stage
cells. Immunofluorescence staining of RNase H1 and phosphory-
lated histone H2A.X (YH2AX) in wild type (WT) mouse testes at
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different stages showed that RNase H1 protein is mainly detected
in the nucleus of Sertoli cells and spermatogonia, and is highly
expressed in meiotic prophase spermatocytes, but is eliminated
in the round and elongated spermatids (Fig. S2A). We also verified
the RNase H1 expression pattern by immunohistochemistry in 6-
week-old testes slices (Fig. S2B). In the published single-cell
RNA-seq dataset [29], the transcriptional level of Rnaseh1 gradually
increased from the preleptotene stage and remained at a low level
in diplotene and later stages (Fig. S2C). We also determined the rel-
ative localization of RNase H1 on chromatin by immunofluorescent
staining of RNase H1 and synaptonemal complex protein 3 (SYCP3)
on spermatocyte chromatin spread, RNase H1 localized diffusely
over the entire chromatin (Fig. 2A). Moreover, western blotting
results further confirmed the expression of RNase H1 in specific
subset spermatocytes isolated by flow cytometry (Fig. 2B). In con-
trast, we found that the R-loop localizes in clusters on chromatin in
spermatocytes by S9.6 immunofluorescent staining on spermato-
cyte chromatin spreads (Fig. 2C). High expression levels in meiotic
prophase I and chromatin association imply that RNase H1 may be
involved in meiosis.

To determine the role of Rnasehl during mammalian meiotic
prophase, we used a conditional knockout approach in which a
Rnaseh1 floxed line was crossed with Stra8-Cre knock-in mice
expressing CRE from A1l spermatogonia onward [37] (Fig. S2D).
Western blot results also verified that RNase H1 was undetectable
in spermatocytes isolated by flow cytometry from Rnaseh1”—;
Stra8-Cre mice (Fig. 2D). We verified the knockout efficiency by
immunofluorescent co-staining of RNase H1 and SYCP3 on testicu-
lar sections of 6-week-old WT and conditional knockout mice
(Fig. 2E, F). As shown in the enlarged image, no RNase H1 signal
was detected in SYCP3 marked spermatocytes (Fig. 2F).

The Rnaseh1~;Stra8-Cre males were able to copulate normally
but were completely sterile. Testes of 6-week-old Rnaseh 1V~ ;Stra8-
Cre mice were significantly smaller than those of the control litter-
mates (Fig. 2G, H). Histological examinations of 6-week-old Rnase-
h1 knockout mice testes showed that nearly a quarter of the
seminiferous tubules were hollow, while most tubules contained
spermatocytes arrested at the pachytene stage and apoptotic cells
(Fig. 2I). Consistent with this, no sperm was found in the epi-
didymis of adult Rnaseh1"~;Stra8-Cre mice (Fig. 2J). Immunofluo-
rescence staining of mouse VASA homolog (MVH) in the testes of
6-week-old WT and Rnaseh1V~;Stra8-Cre mice confirmed that
fewer germ cell layers and smaller lumen formed in knockout mice
testes than WT testes (Fig. 2K). Moreover, co-staining with GATA4
and c-Kit showed no significant change in Sertoli cells and sper-
matogonia development after Rnaseh1-deletion (Fig. S2E). These
results suggest that RNase H1 plays an essential role in spermato-
genesis and male fertility.

RNase H1 deletion causes pachytene arrest with accumulated R-loops
and abnormal DSB repairing

To further specify the stage at which the spermatogenetic cells
of Rnaseh1~;Stra8-Cre mice were arrested, we performed
immunofluorescent co-staining of testis-specific histone H1
(H1T), which marks spermatocytes from mid-pachytene and
beyond, and phosphorylated H2AX (yH2AX), which marks unre-
paired DNA lesions and sex body in pachynema/diplonema. The
lumen of Rnaseh1~;Stra8-Cre mice testicular sections were full
of H1T-positive cells with sex body marked yH2AX signal, imply-
ing that the knockout spermatogenic process is arrested at the
pachytene/diplotene stage (Fig. 3A). Immunofluorescent staining
of S9.6 on both testicular sections (Fig. 3B) and spermatocyte chro-
matin spread (Fig. 3C) showed that these arrested cells had signif-
icantly increased R-loops compared to WT spermatocytes. And
exogenous RNase H digestion abolished the R-loop signal in both
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kinds of spermatocytes (Fig. 3B, C). Further analysis of the arrested
spermatocytes based on YH2AX and SYCP3 co-staining showed
that most of the arrested cells were pachytene spermatocytes
(Fig. 3D), and some pachytene and diplotene spermatocytes with
unrepaired DSBs on autosomes (Fig. 4A, B), while DSBs were com-
pletely repaired on autosomes in WT spermatocytes. We further
analyzed the detailed DSB repair process by immunofluorescent
staining (Fig. 4C-E) and western blot (Fig. 4F) of single-strand bind-
ing proteins-RAD51, DMC1, and RPA2. Foci counting on fluorescent
images (Fig. 4G-I) and the western blot (Fig. 4F) showed that more
foci persisted in Rnaseh1-null pachytene spermatocytes than in WT

51

spermatocytes. Collectively, these results indicate that Rnasehl
deletion caused the arrest of spermatogenesis at the defective
pachytene stage with increasing R-loops and an abnormal DSB
repair process.

R-loops accumulate in Rnaseh1’V~;Stra8-Cre leptotene/zygotene
spermatocytes

To explore the dynamic changes in R-loop signals in Rnasehl-
deleted spermatocytes, we performed S9.6 CUT & Tag-seq of lep-
totene/zygotene spermatocytes in WT and Rnaseh1V~;Stra8-Cre
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(cKO) mice respectively. The biological replicates showed a high
correlation and repeatability (Fig. S3A-C). The genomic distribu-
tion of the R-loop was similar to that of the WT in cKO spermato-
cytes (Fig. 5A), but the signal intensity at the promoter regions was
higher than the WT (Fig. 5B). However, cKO spermatocytes showed
significantly increased R-loop signals compared to WT spermato-
cytes (Fig. S3D). Overlap analysis of WT and cKO R-loop peaks
showed that 950 peaks were shared between WT and cKO sperma-
tocytes, but there were 716 cKO-only R-loop peaks and 177 wt-
only peaks (Fig. 5C). In summary, 819 genes possessed a higher
R-loop in cKO spermatocytes (Fig. S3E). Further analysis of the
cKO-only peaks and the shared peaks showed that cKO R-loop sig-
nals were higher than those in WT L/Z spermatocytes in both peak
regions (Fig. 5D-E), demonstrating the significant accumulation of

53

R-loops in cKO spermatocytes. An example gene is displayed on a
snapshot (Fig. 5F). Gene ontology analysis of these genes was sig-
nificantly enriched in terms related to the regulation of mRNA
metabolic processes and mRNA stability (Fig. 5G), which supports
our conclusion that the R-loop is closely related to transcription in
the meiotic process.

Rnaseh1 deletion resulted in transcriptional dysregulation in meiotic
prophase I spermatocytes

To further explore the influence of increased R-loops on tran-
scription, we performed RNA-seq analysis on WT and Rnasehl-
null spermatocytes at the leptotene/zygotene and pachytene
stages. Gene expression levels were assessed as fragments per kilo-
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base of transcript per million mapped reads (FPKM). All samples
were analyzed in triplicate, and the replicates showed high corre-
lations (Fig. S3F). As shown in the snapshot, there are no signals
detected in the exon2 and exon3 of Rnaseh1, verifying the efficient
Rnaseh1 knockout (Fig. S3G). The number of down-regulated genes
was higher than that of upregulated genes in Rnaseh1-null sperma-
tocytes at both stages (Fig. 6A-B), especially in the pachytene stage,
and a total of 3,102 genes were down-regulated (Fig. 6B). Further
analysis of the down-regulated genes in pachytene revealed that
all of these 3,102 down-regulated genes displayed a similar pat-
tern; they were upregulated from L/Z to P in WT spermatocytes,
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implying that these genes are physiologically essential genes dur-
ing L/Z to P development (Fig. 6C). On the other hand, most genes
related to DSB repair and the recombination processes were upreg-
ulated in Rnasehl-null spermatocytes at the pachytene stage
(Fig. 6D), presumably due to the compensation effect of unrepaired
DSBs. Gene ontology analysis showed that downregulated genes in
the pachytene stage were significantly enriched in terms related to
germ cell development and reproduction (Fig. GE).

Further analysis showed 109 genes with accumulated R-loops
in leptotene/zygotene but downregulated transcription in pachy-
tene stages (Fig. 6F). Accumulated R-loop at promoter regions
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was accompanied by decreased downstream transcription in cKO
spermatocytes (Fig. 6G). Additionally, visualization of several can-
didate genes that were previously reported to be critical for the
meiotic process and spermatogenesis were presented (Fig. S4).
Taken together, RNase H1 is essential for the meiotic process by
removing R-loops in the DSB repair process, while safeguarding
normal transcriptional processes. Most importantly, major changes
during spermatogenesis of WT and Rnasehl null mice were
deduced (Fig. S5).

Discussion

Currently, there are two popular technologies for R-loop map-
ping: one is DRIP-Seq and its derivative technology, whose princi-
ple is immunoprecipitation with the S9.6 monoclonal antibody
followed by high-throughput DNA sequencing [12,38]; Another
one is R-ChIP, this method requires exogenous overexpression of
catalytically inactive RNaseH1 but can bind to R-loop, and then
through chromatin immunoprecipitation and performs high-
throughput sequencing [39]. The most commonly used method
relies on the S9.6 antibody. The S9.6 antibody equally binds the
DNA.RNA heteropolymer and poly(I).poly(dC), but 100-fold higher
levels of poly(A).poly(dT) are necessary for similar binding effi-
ciency, which is a structural characteristic of the R-loop [40]. How-
ever, the second method relies on exogenous RNase H1
overexpression and is not applicable under physiological condi-
tions, such as in vivo meiotic cells. In addition, exogenous overex-
pression of catalytically inactive RNaseH1 will interfere with the
normal function of endogenous RNaseH1 and induce more R-loop
accumulation. In our study, we optimized the CUT & Tag-seq of
the S9.6 antibody for genomic R-loop mapping with just 50,000
cells per sample. For a long time, it is difficult to obtain a sufficient
number of samples for deep sequencing is one of the obstacles in
the field of germ cell research. The requirement of fewer cells
makes it more amenable to other precious samples. We mapped
the R-loop distribution at different developmental stages with
FACS-isolated spermatogenic cells for the first time. To make a sys-
tematic comparison of the role of R-loop in meiotic cells, we also
collected samples of spermatids for R-loop mapping but failed at
library construction because the R-loop signals were too low to
enrich. The chromatin condensation and transcriptional silencing
in spermatids may be the reason, which partially reflects that the
R-loop is closely related to transcriptional status. Owing to R-
loops having an important impact on both physiological and
pathological processes, we believe our data sources of R-loop pro-
filing have broad interest to researchers in multiple fields.

There have been many studies on genome-wide R-loops in
other species. In Arabidopsis, R-loops are enriched in gene promot-
ers and gene bodies and are highly associated with non-coding
RNA and repetitive genomic regions [41]. In Saccharomyces cere-
visiae, the R-loops form predominantly over rDNA highly tran-
scribed genes and Ty1 and Ty2 retrotransposons [42,43]. Several
different sequencing technologies have been used to explore the
R-loop in various cell types of human-derived cells previously. A
recent article reported that, through comparison, higher confi-
dence of R-loop localization was distributed at promoter regions
and associated with GC skew [44]. Similarly, in mammalian sper-
matogenic cells, the R-loops formed mostly at promoter regions
during the whole meiotic process and varied in different genes
between adjacent stages. The high proportion of promoter region
distribution also supports that the R-loop participates in spermato-
genesis by interacting with transcription, which is consistent with
the conclusion of our Rnaseh1 conditional knockout mice.

There have been some studies on the function of the R-loop in
meiosis. RNA/DNA helicase Senataxin deletion arrested spermato-
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genesis at the pachytene stage with abnormal DSB repair and
defects in meiotic sex chromosome inactivation (MSCI), which is
consistent with the XY body localization in spermatocytes. Simi-
larly, RNase H1 deletion also caused abnormal DSB repair, which
contributes to the presumption that the R-loop may take part in
the meiotic DSB repair process. There are also some differences.
RNase H1 has a diffusion distribution on the chromosome and
RNase H1-null spermatocytes with DSB defects are distributed
across the whole genome and not limited to the XY body. The com-
plicated R-loop clearing process involves many proteins with mul-
tiple functions. For example, another endonuclease RNase H2A
may also play an important role or participate in different biolog-
ical processes during meiosis.

Collectively, we first mapped the genomic distribution and
dynamic changes of R-loop during the meiotic process and
revealed the relationship between R-loop and transcription in
mammalian meiotic cells. Moreover, Our research also found that
R-loops may participate in the meiotic DSB repair process. The
selection of DSB hotspot sites is based on H3K4me3 as a signal-
targeting guide. In the L/Z stage, R-loop peaks and H3K4me3 peaks
have a high overlap ratio, which implies that the R-loop may also
play a role in the DSB generation process. Combined with the
abnormal DSB repair process in RNase H1-null spermatocytes, it
is possible that the DSB sites in knock-out spermatocytes might
have changed. Further exploration of the specific relationship with
DSB sites requires genome-wide sequencing for joint analysis, such
as DMC1-seq or END-seq, which needs further study.

Conclusion

A triple-stranded structure named “R-loop,” formed by the
incorporation of RNA into DNA, has been reported to participate
in a variety of biological processes and exerts its special structural
function. However, this has not been reported in mammalian
meiosis. For the first time, we mapped the genomic distribution
of R-loops at four continuous meiotic stages (SPG, L/Z, P/D, and
MII cells). By comparing the transcriptional variation during the
meiotic process, we found that the dynamic R-loops in meiosis
were closely related to transcription, which was consistent with
the high peak of H3K4me3 distribution. We also verified that in
Rnaseh1 conditional knockout mice, abnormal accumulation of R-
loop affects the transcription of downstream functional genes
and causes transcriptional dysregulation. Additionally, we found
that the R-loop plays an important role in the meiotic DSB repair
process.
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PharmaTech Co. (strain number: T014737; Nanjing, China). Pri-
mers used for PCR genotyping are listed in Supplementary
Table 1. All mice were housed in the pathogen-free facility of the
Laboratory Animal Center of Zhejiang University. The experimental
procedures were approved by the Zhejiang University Institutional
Animal Care and Research Committee (Approval # ZJU20210252 to
HYF), and mouse care and use were conducted in accordance with
the relevant guidelines and regulations. All applicable institutional
and/or national guidelines for the care and use of animals were
followed.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jare.2022.10.016.
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