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ABSTRACT

DNA-RNA hybrids play various roles in many phys-
iological progresses, but how this chromatin struc-
ture is dynamically regulated during spermatogen-
esis remains largely unknown. Here, we show that
germ cell-specific knockout of Rnaseh1, a special-
ized enzyme that degrades the RNA within DNA-
RNA hybrids, impairs spermatogenesis and causes
male infertility. Notably, Rnaseh1 knockout results in
incomplete DNA repair and meiotic prophase | ar-
rest. These defects arise from the altered RAD51
and DMC1 recruitment in zygotene spermatocytes.
Furthermore, single-molecule experiments show that
RNase H1 promotes recombinase recruitment to DNA
by degrading RNA within DNA-RNA hybrids and al-
lows nucleoprotein filaments formation. Overall, we
uncover a function of RNase H1 in meiotic recombi-
nation, during which it processes DNA-RNA hybrids
and facilitates recombinase recruitment.
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INTRODUCTION

A DNA-RNA hybrid is a specific chromatin structure
formed by RNA annealing with template DNA strands
(1,2). DNA-RNA hybrids are formed during gene tran-
scription, DNA replication, and DNA repair processes (1—
3). Homeostasis emerges with the constant formation and
removal of DNA-RNA hybrids throughout the genome,
and it plays important roles in various biological processes,
such as gene expression, chromatin remodeling, DNA repli-
cation, and genomic stability across many organisms (1—
6). Many regulators, such as RNA N6-methyladenosine,
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topoisomerases, DNA-RNA hybrid helicases, and RNase
H endonucleases, have been reported to participate in the
maintenance of DNA-RNA hybrid homeostasis (1,7,8).
Ribonuclease H1 (RNase H1) is a specialized enzyme
that degrades the RNA within DNA-RNA hybrids (9,10).
Although an understanding about RNase H1’s func-
tions has been rapidly accumulating in recent years, its
functional roles in many physiological processes remain
unknown.

Spermatogenesis is a specialized cellular differentiation
process for male gamete production, whereby spermato-
gonial stem cells (SSCs) undergo mitosis, meiosis, and
spermiogenesis (11,12). During spermatogenesis, SSCs un-
dergo proliferation and differentiate into spermatocytes,
which perform a single round of DNA replication fol-
lowed by two consecutive cell divisions, termed meiosis,
to generate haploid germ cells (13,14). Then, the haploid
germ cells undergo a dramatic morphological change and
chromatin compaction to produce matured spermatozoa,
which are subsequently matured in the epididymis (14,15).
Many factors and regulatory mechanisms have been iden-
tified to modulate spermatogenesis, and the deficiency of
spermatogenesis often results in spermatogenic failure and
causes male infertility (16). As a specific chromatin struc-
ture, the DNA-RNA hybrid has also been hinted to be in-
volved in spermatogenesis. In the C. elegan germline, ac-
cumulated DNA-RNA hybrids have been shown to in-
duce irreparable DSBs that evade DNA damage check-
points and drive germline mutagenesis (17). In mice, the
knockout of Senataxin, a DNA-RNA hybrid helicase,
causes the accumulation of DNA-RNA hybrids in sperma-
tocytes, which impairs meiotic sex chromosome inactiva-
tion (MSCI) (18,19). In addition, some ataxia patients with
SETX mutations showed perturbed spermatogenesis and
male infertility (20,21). However, the relationship between
DNA-RNA hybrid regulators and male infertility and their
potential function(s) in spermatogenesis is still far from well
understood.

To address the above questions, we specifically knocked
out Rnasehl in germ cells by crossing Rnasehl**/F1ox mice
with Stra8-GFPCre transgenic mice and found that the
knockout of Rnasehl severely impaired spermatogenesis
and caused male infertility. Further immunofluorescence
analysis shows that the knockout of Rnasehl impairs the re-
cruitment of RADS51 and DMC1 to DSB sites in zygotene
spermatocytes, resulting in incomplete DNA repair and im-
paired crossover formation and meiotic prophase I arrest.
Particularly, the generation of DNA-RNA hybrids during
meiosis is highly associated with meiotic DSB formation,
and germ cell-specific Rnasehl knockout causes a severe ac-
cumulation of DNA-RNA hybrids in meiosis prophase I,
indicating that recombinases fail to load onto DNA-RNA
hybrids. Furthermore, single-molecule experiments demon-
strate that DNA-RNA hybrids significantly suppress the
recruitment of RADS51 and DMCI. In stark contrast, the
presence of RNase H1 facilitates RNA removal and thereby
allows RADS1 and DMCI nucleoprotein filaments forma-
tion. Taken together, we reveal that the DNA-RNA hy-
brids are dynamically regulated during spermatogenesis,
and RNase HI degrades the hybrids to facilitate RADS1
and DMCI1 recruitment during meiotic recombination.

MATERIALS AND METHODS

Animals

The Stra8-GFPCre knock-in mouse line was kindly gifted
by Dr Ming-Han Tong (Chinese Academy of Sciences Cen-
ter for Excellence in Molecular Cell Science) (22). The
Rnasehl Floxed mouse was generated using CRISPR /Cas9
system. Briefly, the T7 promoter and guiding sequences tar-
geted for Rnasehl exon 4 were added to the sgRNA by PCR
amplification using the following primers: Rnasehl-Floxed-
usgRNA1: TAA TAC GAC TCA CTA TAG AGA GGA
GGG GCC AGG CAC GGT TTA AGA GCT ATG CTG
GAA AC;Rnasehl-Floxed-usgRNA2: TAA TAC GAC
TCA CTA TAG TAT AAG CAG GTC TCC TAG TGT
TTA AGA GCT ATG CTG GAA AC;Rnasehl-Floxed-
dsgRNAI: TAA TAC GAC TCA CTA TAG CTG GGT
CTG TAT AAG TAC TAG TTT AAG AGC TAT GCT
GGA AAC; Rnasehl-Floxed-dsgRNA2: TAA TAC GAC
TCA CTA TAG CCA GCC AGC AGC GAT GCG GGT
TTA AGA GCT ATG CTG GAA AC. Rnasehl-Floxed-
usgRNA1 and Rnasehl-Floxed-usgRNA2 were used for in-
serting the upstream LoxP site, Rnasehl-Floxed-dsgRNA1
and Rnasehl-Floxed-dsgRNA?2 were used for inserting the
downstream LoxP site. In the Rnasehl-targeting construct,
a 5.0-kb genomic DNA segment harboring exon 4 was
flanked by LoxP sites (Supplementary Figure S1). The
B6D2F1 (C57BL/6 x DBA2) and ICR female mice were
used as embryo donors and foster mothers, respectively.
The fertilized embryos were collected from the oviducts of
B6D2F1 female mice mated with B6OD2F1 stud males. Cas9
mRNA (10 ng), sgRNA (5ng), and donor DNA (10ng)
were injected into the cytoplasm of fertilized eggs with well-
recognized pronuclei in M2 medium (Sigma, M7167). The
injected zygotes were cultured in KSOM (modified simplex-
optimized medium, Millipore) with amino acids at 37°C
with 5% CO,, and about 15-25 blastocysts were trans-
ferred into the uterus of pseudopregnant ICR female mice.
To construct germ cell-specific Rnasehl knockout mice,
Rnasehl-floxed mice were bred with the Stra8-GFPCre
mouse line to excise LoxP-flanked exons 4, thus generat-
ing Rnasehl-conditional knockout mice. Genotyping PCR
for Rnasehl was performed using the following primers:
Rnasehl-forward-1: AGA CCA CTC GCC AGC AAA
TTG GCT, Rnasehl-reverse-1: GCA CCG ACCTGCTCA
ACA GTG ACC ACT; Rnasehl-forward-2: TTG CTA
AAC TGC TAG GTA AAC AGT GTT GGC TGG GA,
Rnasehl-reverse-2: GGT TCA GTT TTA CAC CTT TGC
CTG TGT TCT CTG ACT. The PCR conditions were as
follows: 94°C for 5 min; 35 rounds of 94°C for 30 s, 65°C
for 30 s, and 72°C for 1 min; and 72°C for 5 min. The Spol1
and Dmecl knockout mice have been described previously
(23). All of the animal experiments were performed accord-
ing to approved institutional animal care and use committee
(IACUC) protocols (#08-133) of the Institute of Zoology,
Chinese Academy of Sciences.

Antibodies

Mouse antibodies to yH2AX (05-636) and mouse anti-
body to ATMps1981 (05-740) were purchased from Merck
Millipore (Darmstadt, Germany). Mouse antibodies to



MLHI1 (51-1327GR) were purchased from BD Pharmin-
gen (San Diego, USA). Rabbit antibodies against SYCP3
(150292), BRCA2 (ab123491), RPA2 (ab76420), RADS51
(ab133534), NBS1 (ab32074) were purchased from Abcam
(Cambridge, USA). Rabbit antibody to MRE11 (NB100-
142) was purchased from Novus Biologicals (Littleton,
USA). Mouse antibody to SYCP3 (SC-74569), rabbit an-
tibody to DMCI1 (SC-22768) were purchased from Santa
Cruz Biotechnology (Dallas, USA). Rabbit antibody to
RNase H1 (DF12084) for immunofluorescence was pur-
chased from Affinity Biosciences (Jiangsu, China). Rabbit
antibodies to RNase H1 (15606-1-AP), SPATA22 (16989-
1-AP), HSP60 (15282-1-AP), TOM20 (11802-1-AP), HOP2
(11339-1-AP) were purchased from Proteintech (Rosemont,
USA). Goat antibody to ¢-KIT (AF1356) was purchased
from R&D Systems (Minneapolis, USA). Rabbit antibod-
ies to Tubulin (AC007) and GAPDH (AC001) were pur-
chased from Abclonal (Wuhan, China). Mouse anti-DNA-
RNA hybrid [S9.6] antibody (ENHO001) was purchased
from Kerafast (Boston, USA). Rabbit antibody to MEIOB
was obtained as previously described (24). Rabbit anti-
HEI10 polyclonal antibody was generated by Dai-an Bi-
ological Technology Incorporation (Wuhan, China). Goat
anti-rabbit FITC (ZF-0311), goat anti-mouse FITC (ZF-
0312), and goat anti-mouse TRITC (ZF-0313)-conjugated
secondary antibodies were purchased from Zhong Shan Jin
Qiao (Beijing, China). Alexa Fluor 680-conjugated goat
anti-rabbit (A21109) antibodies for immunoblotting were
purchased from Invitrogen (Carlsbad, USA).

Assessment of the fertility of stra8-rnasehl~/~ mice

The fertility assessment experiments were performed as
previously described (25). A male mouse was caged with
two wild-type female mice, and their vaginal plugs were
checked every morning. The plugged females were sepa-
rated and caged individually, and the pregnancy outcomes
were recorded. Females that did not generate offspring at
22 days post conception were scored as not being pregnant
and euthanized.

Tissue collection and histological analysis

Mouse testis and cauda epididymis were immediately dis-
sected after cuthanasia, fixed in Bouin’s solution (Pi-
cric acid:methanol:acetic acid = 15:5:1) or 4% (mass/vol)
paraformaldehyde (PFA; Solarbio, China, P1110) for 24 h.
The tissues were then dehydrated and embedded in paraf-
fin. 5 pm tissue sections were collected and mounted on
glass slides for further processing. After deparaffinization,
tissue sections were stained with hematoxylin-eosin (H&E)
for histological analysis and periodic acid-Schiff (PAS)-
hematoxylin for determining the seminiferous epithelia cy-
cle stages according to the method described previously
(20).

Epididymal sperm count

The caudal epididymis was dissected immediately after eu-
thanasia. Spermatozoa were squeezed out from the caudal
epididymis and incubated in PBS for 30 min at 37°C under
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5% CO,;. The incubated sperm medium was then diluted at
1:100 and transferred to a hemocytometer for counting.

Immunoblotting

Testis proteins were extracted in RIPA-like lysis buffer
(25 mM Tris-HCI, pH 7.6, 500 mM NaCl, 2 mM EDTA, 1%
sodium deoxycholate, 0.1% SDS) plus a protein inhibitor
mixture (Roche, 04693132001). After testis grinding and ul-
trasonication, the samples were incubated on ice for 30 min.
The protein lysates were then centrifuged at 13 500 g for 15
min at 4°C. The supernatants of the extracts were used for
immunoblotting. Protein samples were separated via SDS-
PAGE and transferred to a nitrocellulose membrane by a
semi-dry transfer method. After incubation with primary
and secondary antibodies, the membrane was scanned us-
ing an ODYSSEY Sa Infrared Imaging System (LI-COR
Biosciences, USA).

Immunofluorescence

The spermatocytes were spread on glass slides as previously
described (27). Spermatocyte chromosomal spreads were
washed with PBS three times and blocked with 5% bovine
serum albumin (BSA, Amresco, USA, AP0027). The pri-
mary antibody was added to the sections and incubated at
4°C overnight, followed by incubation with the secondary
antibody. The nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI). The immunofluorescence images
were taken immediately using an LSM 780 microscope
(Zeiss, Germany) or SP8 microscope (Leica, Germany).
TUNEL assays were carried out using the In Situ Cell
Death Detection Kit (Roche Diagnostics, 11684795910,
Switzerland) according to the manufacturer’s instructions
(28).

DNA extraction and mtDNA quantification

Genomic DNA from mouse testis was isolated after
SDS/proteinase K treatment at 37°C overnight. DNA was
extracted using a phenol/chloroform method and precip-
itated with isopropanol. The mtDNA copy number was
measured by qPCR in a QuantStudio 6 Flex Real-Time
PCR System, following the protocol of the manufacturer
(29). The mt DNA primer probes were previously described
(30,31) and listed in Supplementary Table S1. The HK2
probe was used to normalize samples to the nuclear DNA
content.

Super-resolution imaging

Super-resolved images were acquired using a Zeiss Elyra
S.1 3D-SIM system, as previously described (32). Briefly,
hundred nanometers-thick Z Sections were acquired in 3D
SIM mode generating 7 images per plane (5 phases, 3 an-
gles) as a raw image, which was reconstructed to generate a
super-resolution image. Channel alignment was conducted
using calibrated file generated from 200 nm diameter tetra-
spectral fluorescent spheres (Life technologies). Acquired
images were processed with structured illumination and fur-
ther adjusted by channel alignment methods in ZEN 2.3
SP1 software.
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Isolation of mouse spermatogenic cells

Spermatogenic cells were isolated using a method previ-
ously described with a slight modification (27). Briefly,
testes were dissected and decapsulated immediately after
euthanasia. The seminiferous tubules were cut into small
pieces and incubated in PBS containing 1 mg/ml collage-
nase (Sigma, C5138) and 1 mg/ml hyaluronidase (Sigma,
H3506) at 37°C for 6 min with gentle shaking. After pipet-
ting, the dispersed seminiferous tubules and cells were in-
cubated at 37°C for 5 min with gentle shaking. Then, the
cells were collected by centrifugation at 200 x g for 5 min at
4°C, washed once with PBS, resuspended in PBS contain-
ing 0.25% Trypsin and 1 mg/ml DNase I, and incubated
at 37°C for 5 min with gentle shaking. Thereafter, the cells
were collected by centrifugation at 200 x g for 5 min at 4°C
and washed with PBS. After filtration through a 40 pum Ny-
lon Cell Strainer (BD Falcon, 352340), the cells were sep-
arated by sedimentation velocity at unit gravity at 4°C, us-
ing a 2-4% BSA gradient. An aliquot of each fraction was
examined by light microscope to assess cellular purity and
cell type identity. The fractions containing the expected cell
type (Sertoli cells, spermatocytes, round spermatids, elon-
gated spermatids) and purity were pooled together.

Protein expression and purification

Rad51-af555. The human RADS]1 open reading frame
was subcloned between the Ncol and BamHI sites of
pET11d (Novagen). The cysteine-to-serine variants were
generated by the QuikChange site-directed mutagenesis
method by using the WT RADSI1 pET11d subclone as
a template. The expression plasmid was transformed into
BL21 (DE3). This strain was then cultured and induced by 1
mM isopropyl-1-thio-D-galactopyranoside (IPTG) at 18°C
for 16 h. The protein was purified using a heparin Sepharose
column. To fluorescently label RADS51, the DTT concentra-
tion was adjusted to 20 mM in the purified RADS1 samples
(at 1 - 2 mg/ml of RADS1) and incubated for 30 min on
ice. The sample was buffer-exchanged into labeling buffer
containing 50 mM MOPS-HCI (pH 7.0), 300 mM KClI, 1
mM EDTA, 10% glycerol, and degassed with argon for 30
min before use. The maleimide-coupled Alexa Fluor 555 dye
(Molecular Probes) was resuspended in labeling buffer and
immediately added to the protein sample at a 10-fold molar
excess. The reaction was incubated on ice for 30 min and
quenched by adding DTT to 20 mM with a further 30 min
incubation on ice. Excess dyes were removed by buffer ex-
change into 0.3 M KCl, 50 mM Tris—HCI (pH 7.5), | mM
EDTA, 2 mM DTT, and 10% glycerol (33,34).

DMCI-eGFP. The human DMCI gene and eGFP gene
were constructed into pET28a by using Ndel and Notl
restriction sites (Tsingke Biotechnology). In the resulting
plasmid, named pET28a-DMC1-eGFP, the N and C ter-
minus of DMCI1 were fused to a His6-tag and an eGFP, re-
spectively. The protein purification was modified from a pre-
viously described procedure (35,36). The expression plas-
mid was transformed into BL21 (DE3). This strain was
then cultured and induced by 1 mM isopropyl-1-thio-D-
galactopyranoside (IPTG) at 18°C for 16 h. Cells were col-
lected by centrifugation and resuspended in lysis buffer con-

taining 25 mM Tris—HCI (pH 7.5), 300 mM KCI, 10 mM im-
idazole, 10% glycerol and 1 mM phenylmethylsulfonyl fluo-
ride and passed through a homogenizer three times at ~850
bar. The lysed dilution was then ultracentrifuged at 11 000 g
for 30 min. The supernatant was applied to a Ni-Sepharose
resin, washed extensively with 25 mM Tris—HCI (pH 7.5),
300 mM KCI, 50 mM imidazole and 10% glycerol, and then
the bound protein was eluted in a single step with elution
buffer containing 25 mM Tris—HCI (pH 7.5), 300 mM KCl,
300 mM imidazole and 10% glycerol. Finally, the protein
sample was buffer-exchanged into the storage buffer con-
taining 25 mM Tris—HCI (pH 7.5), 300 mM KCI, and 10%
glycerol and stored at —80°C before use.

RNase HI. The human RNase H1 was purchased from
Abmart (Product No: EHH9801).

Preparation of DNA—RNA hybrid templates

The detailed procedures to construct the DNA-RNA hy-
brid template used in the single-molecule assay were de-
scribed previously (37). Briefly, the 7.4-kb DNA-RNA hy-
brid template consists of two pieces of single-stranded nu-
cleic acids: a two-side biotinylated 7.4-knt ssDNA and a 7.4-
knt ssSRNA. A 7.4-kb dsDNA segment was PCR-amplified
from the lambda DNA (Thermo). Using this dsSDNA and
a biotin-labeled primer, the second asymmetric PCR was
carried out to produce the ssDNA. The resulting dSDNA
and ssDNA were separated by agarose gel electrophoresis,
and GeneJET Gel Extraction Kit (Thermo) was used for
ssDNA purification. The 3’-end biotin labeling of the ss-
DNA was made by using biotinylated dATP (APExBIO)
with terminal transferase. To construct the ssRNA, a 7.4-
kb dsDNA including a T7 promoter (T7 DNA) at the 5
end was PCR-amplified from N phage DNA. The 7.4-knt
ssRNA was generated by transcribing from the T7 DNA.
The DNA-RNA hybrids were formed by annealing the two
single-stranded nucleic acids in TE buffer.

Single-molecule optical tweezer assay and data analysis

Single-molecule optical tweezer assays were performed at
25°C on an instrument combining three-color confocal flu-
orescence microscopy with dual optical traps (LUMICKS
C-trap, Netherland) (38,39). In the single-molecule assay,
a DNA-RNA hybrid molecule was first captured between
two streptavidin-coated polystyrene beads (1.76 pm in di-
ameter, Spherotech). The DNA-RNA hybrid tether was
then moved to protein channels as described for each as-
say. Experiments involving RNase H1, RADS51-AF555, or
DMCI1-eGFP were conducted in reaction buffer containing
25 mM Tris—HCl (pH 7.5), 150 mM KCl, 5 mM MnCl,, 0.05
mg/ml BSA, 2 mM ATP and 1 mM DTT. A 488-nm excita-
tion laser was used for imaging DMC1-eGFP, and a 532-nm
excitation laser was used for imaging RADS51-AF555. The
confocal pixel size was set to 50 nm. The pixel dwell time
was | ms.

Single-molecule data were analyzed using custom soft-
ware provided by LUMICKS. Pseudocolor was applied in
ZEN 3.2 software (Zeiss) for better visualization of the sig-
nal contrast. Images were analyzed using Fiji. For the fluo-
rescence signal, the total pixel intensities of the DNA-RNA



hybrid or ssDNA region in each frame were summed up us-
ing Fiji.

Statistical analysis

All data are presented as the mean + SEM or £ SD. The sta-
tistical significance of the differences between the mean val-
ues for the different genotypes was measured by Student’s
t-tests with a paired, two-tailed distribution. The data were
considered significant when the P-value was less than 0.05
(*), 0.01 (**) or 0.001 (***).

RESULTS
Germ cell-specific knockout of rnasehl causes male infertility

Ribonuclease HI (RNase H1) is a key modulator for DNA~-
RNA hybrid homeostasis by degrading RNA within DNA-
RNA hybrids (9). Given that the conventional knockout
of Rnasehl causes embryonic lethality by impairing mito-
chondrial DNA (mtDNA) replication (40), we generated a
conditional knockout allele of Rnasehl by flanking exon
4 with loxP sites (Figures 1A, B) to explore the potential
role of RNase H1 in spermatogenesis. Rnasehl was specifi-
cally knocked out in germ cells by crossing mice with the
Floxed Rnasehl allele to Stra8-GFPCre mice, which ex-
press Cre recombinase from type Al spermatogonia (Fig-
ure 1A) (22). Hereafter, germ cell-specific Rnasehl knock-
out mice were referred to as Stra8-Rnasehl~/~. To detect
the Rnasehl knockout efficiency, the total protein extracted
from Rnasehlto*/Flox (hereafter referred to as Rnasehl®/T)
and StraS-Rnasehl =/~ testes were utilized to perform the
immunoblotting analysis of RNase HI. We found that
the RNase H1 protein level was significantly reduced in
Stra8-Rnasehl =/~ testes compared with that in Rnasehl/*
testes (Figures 1C, D), indicating high knockout efficiency
in Stra8-Rnasehl=/~ mice. The residual protein signals
of RNase HI in Stra8-Rnasehl=/~ testis may be due to
the incomplete Cre recombinase activity (41) or the re-
tained RNase HI1 expressed in other cell types in mouse
testis. Next, we assessed the effects of Rnasehl knockout
on male fertility. As shown in Figure 1E and 1F, no female
mice became pregnant after mating with Stra8-Rnasehl =/~
male mice, and Stra8-Rnasehl~/~ male mice failed to pro-
duce any offspring (Figures 1E, F). Thus, germ cell-specific
knockout of Rnasehl results in male infertility.

RNase H1 is required for meiotic prophase completion during
spermatogenesis

To further address how knockout of Rnasehl influences
male fertility, we then examined Stra8-Rnasehl~/~ testis
at gross and histological levels. We found that the size
and weight of testes in Stra8-Rnasehl~/~ mice were sig-
nificantly reduced compared with that of Rnasehl®/* mice
(Figures 1G, H). Hematoxylin-eosin (H&E) staining indi-
cated that the structure of the seminiferous tubules in Stras-
Rnasehl =/~ testis was disrupted, and large vacuoles and de-
generated cells with highly condensed nuclei were observed
in Stra8-Rnasehl =/~ seminiferous epithelium (Figure 1I).
Moreover, no spermatozoa could be detected in the cauda
epididymis of Stra8-Rnasehl~/~ mice (Figure 11), and the
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total number of spermatozoa in the Stra8-Rnasehl~/~ mice
significantly decreased compared with that of Rnasehl®/*
mice (Figure 1J). These findings reveal that the knockout of
Rnasehl severely impairs spermatogenesis.

RNase HI is required for mtDNA replication (29,40),
and mitochondrial abundance increases during spermato-
gonia differentiation (42). Given that Stra8-GFPCre mice
could express Cre recombinase from type Al spermatogo-
nia (22), we first examined the effect of Rnasehl knock-
out on spermatogonia mtDNA replication. We found that
the levels of both mtDNA and mitochondrial proteins,
HSP60 and TOM20, did not decrease in Stra8-Rnasehl =/~
testis compared with those of Rnasehl/* testis (Supple-
mentary Figure SIA-H). The immunofluorescence analysis
also showed that the signal of TOM?20 in Stra8-Rnasehl =/~
type A spermatogonia (c-Kit positive cells) was similar to
that of the control group (Supplementary Figure S11). Fur-
thermore, TUNEL-positive signals were not observed in
Stra8-Rnasehl~/~ type A spermatogonia (Supplementary
Figure S1J). Given that Cre recombinase does not inacti-
vate the floxed target gene in all mitotic germ cells (41), the
subpopulation of type A spermatogonia harbouring active
floxed alleles may be responsible for the observed results.
Pursuing this, we examined the expression of RNase H1
in postnatal day 6 (PD6) testis, when Cre recombinase is
highly expressed (41,43), and found that RNase H1 could
still be detected in PD6 Stra8-Rnasehl /'~ testis (Supple-
mentary Figure S2A). In addition, we found that the RNase
H1 is mainly expressed in spermatocytes and shows a lower
expression level in type A spermatogonia (Supplementary
Figure S2B), indicating that the little effect of Rnasehl
knockout on spermatogonia mtDNA replication might also
be due to the low expression of RNase HI1 in type A sper-
matogonia.

Next, we used Periodic Acid Schiff (PAS) and hema-
toxylin staining to examine testis sections and determine
which stage of spermatogenesis was affected after Rnasehl
knockout. Multiple defects have been observed during
Stra8-Rnasehl~/~ spermatogenesis, and we detected dead
preleptotene and pachytene spermatocytes at stage IV and
stage VIII in our mice (Figure 2A). Those spermato-
cytes that did survive, died at stage XII as dead diplotene
spermatocytes with some dead metaphase spermatocytes
were observed at stage XII in Stra8-Rnasehl =/~ seminif-
erous tubules (Figure 2A). The first wave of spermato-
genesis is relatively synchronized (26), with the appear-
ance of leptotene and zygotene spermatocytes at PD12 and
pachytene spermatocytes at PD16 (44). We examined pre-
pubertal testis sections by using H&E staining and found
that the structure of the seminiferous tubules from Stras-
Rnasehl=/~ mice in PD12 was similar to that of the con-
trol groups, whereas dead cells were detected in Stras-
Rnasehl=/~ testis after PD17 (Supplementary Figure S3).
Furthermore, TUNEL-positive signals were detected in the
preleptotene, pachytene, diplotene, and metaphase sperma-
tocytes at stages IV, VII, and XII in Stra8-Rnasehl =/~
testes, but not in Rnasehl®/F testes (Figures 2B-D, Sup-
plementary Figures S4A, B). Elevated DNA damage sig-
nals were detectable in StraS-Rnasehl~/ ~preleptotene sper-
matocytes (Supplementary Figure S4C). These results sug-
gest that germ cell-specific knockout of Rnasehl impairs the
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Rnasehl~/~ male mice (n = 3 independent experiments) (F). Black dots indicate Rnasehl?/¥ mice, and red dots indicate Stra8-Rnasehl~/~ mice. Data
are presented as means + SEM. two-tailed Student’s t-test; ***P < 0.001. (G) The Stra8-Rnasehl =/~ mouse testis is smaller than that of the Rnasehl*/¥
mouse. (H) Ratio of testis weight/body weight in Rnasehl?/f and Stra8-Rnasehl~/~ mice (n = 4 independent experiments). Black dots indicate Rnasehlt/
mice and red dots indicate Stra8-Rnasehl =/~ mice. Data are presented as means + SEM. two-tailed Student’s #-test; *P < 0.05. (I) Histological analysis
of the seminiferous tubules and caudal epididymis of the Rnasehl*/¥ and Stra8-Rnasehl~/~ mice by hematoxylin and eosin staining. Arrowheads indicate
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independent experiments). Black dots indicate Rnasehl®/* mice, and red dots indicate Stra8-Rnasehl~/~ mice. Data are presented as means + SEM.
two-tailed Student’s z-test; ***P < 0.001.
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Figure 2. RNase HI is required for meiotic prophase completion during spermatogenesis. (A) Germ cell-specific knockout of Rnasehl causes pachytene
and meiotic division arrest. Representative PAS-hematoxylin staining in Rnasehl*/* and Stra8-Rnasehl =/~ seminiferous tubules. Paraffin sections from
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meiotic prophase 1, and Stra8-Rnasehl~/~ spermatocytes
display multiple defects.

To determine the exact meiotic prophase stages af-
fected by Rmnasehl knockout in germ cells, we identi-
fied various stages of meiotic prophase I by staining for
SYCP3, a component of the synaptonemal complex (45),
and by quantifying the percentage of each prophase stage
in Rnasehl™/* and Stra8-Rnasehl~/~mice. We found that
the proportion of zygotene spermatocytes significantly in-
creased, and the proportion of pachytene spermatocytes
decreased in StraS-Rnasehl =/~ testes compared with that
of the Rnasehl™' testes (Figure 2E), indicating a de-
lay of zygotene-pachytene transition in StraS-Rnasehl =/~
spermatocytes. Diplotene spermatocytes could still be ob-
served in Stra8-Rnasehl~/~mice and showed a slight in-
crease compared with the control groups (Figure 2E),
suggesting some surviving pachytene spermatocytes might
show other defects in the diplotene stage. Next, we care-
fully examined the morphology of the synaptonemal com-
plex in Rnasehl™* and StraS-Rnasehl~'~ spermatocytes.
Fragmented synaptonemal complex signals have been ob-
served in Stra8-Rnasehl =/~ pachytene spermatocytes (Fig-
ure 2F), which might further cause pachytene spermato-
cyte death (Figures 2A-D). We observed that some sper-
matocytes in Stra8-Rnasehl~/~ mice could further enter
into diplotene stages. However, the synaptonemal complex
appeared totally disassembled at almost all autosomes in
Stra8-Rnasehl~/~ diplotene spermatocytes (Figure 2F). In
addition, some Stra8-Rnasehl '~ diplotene spermatocytes
with chromosomal desynapsis were TUNEL-positive (Sup-
plementary Figure S4D), indicating that dead diplotene
and metaphase spermatocytes might be associated with pre-
mature chromosomal desynapsis. Therefore, the germ cell-
specific knockout of Rnasehl causes multiple defects in the
meiotic prophase I, and RNase H1 is required for meiotic
prophase completion during spermatogenesis.

Meiotic recombination is impaired in stra8-rnasehl =/~ sper-
matocytes

Given that impaired chromosome recombination and
synapsis often perturb meiotic prophase (46), we analyzed
the efficiency of DSB formation by staining for yH2AX,
which is mainly triggered by SPO11-induced meiotic DSBs
(47). In both Rnasehl™* and StraS-Rnasehl™/~ sperma-
tocytes, yYH2AX was detected at leptotene and zygotene
stages (Figure 3A), suggesting that meiotic DSBs are pro-

duced independently of the RNase H1. At the pachytene
stage, YH2AX persisted only on sex chromosomes in
Rnaseh1™/F spermatocytes, whereas y H2AX signal was still
detected on the autosomes in Stra8-Rnasehl =/~ sperma-
tocytes (Figure 3A), indicating that the DSB repair is im-
paired in Stra8-Rnasehl~/~spermatocytes. Impaired mei-
otic programmed DSB repair could perturb crossover for-
mation (48). Using immunostaining, we further observed
the distribution of MLH1 foci, a marker of sites that are
destined to become crossovers (49), in pachytene spermato-
cytes. The number of MLH1 foci was significantly reduced
in Stra8-Rnasehl =/~ spermatocytes compared with that of
the control group (Figures 3B, C). Altogether, RNase H1
is required for meiotic recombination, and the knockout
of Rnasehl causes incomplete DNA repair and impaired
crossover formation, finally resulting in meiotic prophase
I arrest.

RNase H1 promotes the recruitment of recombinase to DSB
sites

Upon meiotic DSB formation, the MRN (MREII-
RADS50-NBSI1) complex is recruited to meiotic DSB sites
and activates ATM (ATM phosphorylation), which is re-
quired for the DNA damage response (DDR) and fur-
ther DSB resection (50-52). To clarify whether Rnasehl
knockout in germ cells affects the meiotic DDR and DSB
resection, we monitored MRE11, NBS1 and phospho-
rylated ATM (p-ATM) in Stra8-Rnasehl =/~ spermato-
cytes by examining immunofluorescence. MRE11, NBSI,
and p-ATM foci were detected in both Rnasehl™* and
Stra8-Rnasehl =/~ leptotene/zygotene spermatocytes (Sup-
plementary Figure S5), indicating Rnasehl knockout has
little influence on the recruitment of the MRIN complex and
meiotic DDR.

Multiple ssDNA binding proteins (SSBs) bind to the re-
sected ssDNA to protect it from degradation (53), and ss-
DNA binding protein foci could reflect the condition of
DSB resection. We examined RPA, one of the SSBs, in
Rnasehl®/F and StraS-Rnasehl~/~ spermatocytes. Struc-
tured illumination microscopy (SIM) observation showed
that RPA foci appeared along chromosome axes in both
Rnaseh1®/F and Stra8-Rnasehl =/~ spermatocytes (Supple-
mentary Figure S6A). Further quantification of the RPA
foci in Stra8-Rnasehl~/~ spermatocytes also showed a
similar level at leptotene and zygotene stages compared
with those of control groups (Figures 4A, B), suggest-

RnasehI®/¥ and Stra8-Rnasehl =/~ testes are stained with PAS-hematoxylin. Z: zygotene spermatocyte, Pa: pachytene spermatocyte, Di: diplotene sper-
matocyte, M: meiotic spermatocyte, rST: round spermatid, eST: elongating spermatid, spz: spermatozoon; aPlp: abnormal preleptotene spermatocyte;
aP: abnormal pachytene spermatocyte, aDi: abnormal diplotene spermatocyte; aM: abnormal meiotic divisions. (B) Representative TUNEL results in
RnasehI*/F and StraS-Rnasehl =/~ stage TV and XII seminiferous tubules. Paraffin sections from Rnasehl™/F and StraS-Rnasehl =/~ testes were stained
with TUNEL (green) and DAPI (blue). aDi: abnormal diplotene spermatocyte. Arrowheads indicate dead diplotene spermatocytes. (C) Quantification of
TUNEL positive seminiferous tubules in Rnasehl?/F and Stra8-Rnasehl~/~ mice (n = 5 independent experiments). Black dots indicate Rnasehl®/F mice,
and red dots indicate Stra8-Rnasehl =/~ mice. Data are presented as means + SEM. two-tailed Student’s t-test; * P < 0.05. (D) Quantification of TUNEL
positive cell number per seminiferous tubules in Rnaseh!™/" and Stra8-Rnasehl =/~ mice (n = S independent experiments). Black dots indicate Rnasehl™/
mice, and red dots indicate Stra8-Rnasehl =/~ mice. Data are presented as means + SEM. two-tailed Student’s t-test; ***P < 0.001. (E) Frequencies of
meiotic stages in Rnasehl®/F and Stra8-Rnasehl~/~ testis sections (n = 3 independent experiments). Lep: leptotene spermatocyte; Zyg: zygotene sper-
matocyte; Pac: pachytene spermatocyte; Dip: diplotene spermatocyte; Dia: Diakinesis spermatocyte. Black dots indicate Rnasehl*/F mice, and red dots
indicate Stra8-Rnasehl~/~ mice. Data are presented as means + SD. two-tailed Student’s r-test; *P < 0.05. (F) Immunofluorescence analysis of SYCP3
(red) is performed in Rnasehl™/* and Stra8-Rnasehl~/~ spermatocyte chromosomal spreads. Arrowheads indicate fragmented synaptonemal complex
signals.
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Figure 3. Germ cell-specific knockout of Rnasehl impairs meiotic recombination. (A) Immunofluorescence analysis of SYCP3 (red) and yH2AX (green)
are performed in Rnasehl*/F and Stra8-Rnasehl =/~ spermatocyte chromosomal spreads. Arrowheads indicate fragmented synaptonemal complex signals.
Arrowheads indicate insufficient DSB repair in autosomes. (B) Crossover formation is impaired in Stra8-Rnasehl~/~ spermatocytes. Super-Resolution
microscopy images of SYCP3 (red) and MLH1 (green) in Rnasehl®/F and Stra8-Rnasehl~/~ spermatocyte chromosomal spreads. (C) Quantification of
the MLHI foci numbers per cell in Rnasehl*/* (n = 67 independent experiments) and Stra8- Rnasehl =/~ spermatocytes (n = 78 independent experiments).
Green dots indicated RnasehI®/F spermatocytes, and red dots indicated Stra8-Rnasehl =/~ spermatocytes. Data are presented as means + SD. two-tailed
Student’s z-test; ***P < 0.001.
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Figure 4. RNase H1 participates in the recruitment of recombinases. (A) Immunofluorescence analysis of SYCP3 (red) and RPA (green) are performed in
Rnaseh1®/F and Stra8-Rnasehl =/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue). Zyg: zygotene spermatocyte; E-Pac: early-



ing the knockout of Rnasehl was dispensable for DSB re-
section and RPA binding to resected ssDNA. SPATA22
and MEIOB, two meiosis-specific SSB (24,54), showed a
similar phenomenon in Stra8-Rnasehl =/~ leptotene and
zygotene spermatocytes (Supplementary Figures S7B-F).
These results suggest that the germ cell-specific knockout of
Rnasehl has little effect on DSB resection and the recruit-
ment of SSBs on DSB ends. However, the number of RPA,
SPATA22, and MEIOB foci appeared to increase slightly
in Stra8-Rnasehl =/~ early-pachytene spermatocytes (Fig-
ure 4B and Supplementary Figures S6D, F), indicating
the insufficient DSB repair in Stra8-Rnasehl =/~ spermato-
cytes.

SPATA22-MEIOB could recruit BRCA2 via MEILB2-
BRMEI, which further promotes the loading of recom-
binases, RAD51 and DMCI, onto the ssDNA (23,55-
57) for strand invasion (58,59). Next, we examined the
recruitment of BRCA2 in Stra8-Rnasehl~/~ spermato-
cytes and found the number of BRCA2 foci in Stra$-
Rnasehl=/~ leptotene and zygotene spermatocytes were
similar to that of the control groups (Figures 4C, D), re-
vealing that the knockout of Rnasehl does not affect the
recruitment of BRCA2. Consistent with RPA, SPATA22,
and MEIOB, the elevated BRCA2 foci were also ob-
served in Stra8-Rnasehl =/~ early-pachytene spermatocytes
(Figures 4D).

Next, we examined the recruitment of RADS5I and
DMC] recombinases in StraS-Rnasehl =/~ spermatocytes
and detected significantly decreased foci numbers of both
RADS51 and DMC1 recombinases in Stra8-Rnasehl =/~ zy-
gotene spermatocytes (Figures 4E-H and Supplementary
Figure S7A, B). To exclude the indirect effects of RNasehl
knockout that caused reduced RADS51 and DMCI foci, we
first examined the protein level of RADS51 and DMCI in
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RnasehI"/* and Stra8-Rnasehl~/~ testes and found that
Rnasehl knockout has little effect on the expression of
RADS1 and DMCI1 (Supplementary Figure STC-E). We
further quantified RADS51 and DMCI1 foci during each zy-
gotene stage to more fully understand the formation and
maintenance of recombinase foci (54,60). In Rnasehl™’*
spermatocytes, RADS51 and DMCI foci started increas-
ing at the early-zygotene stage, showed maximum levels
during the middle-zygotene stage, and decreased over the
course of the early-pachytene stage (Figure 4F, H). In Stras-
Rnasehl=/~ spermatocytes, RADS51 and DMCI foci sig-
nificantly decreased as early as in the early-zygotene stage
compared with those of control groups (Figures 4F, H), in-
dicating that RNase H1 might be participating in RADS51
and DMCI foci formation. Given that recombinase foci
could be observed in StraS-Rnasehl~/~ early-pachytene
spermatocytes (Figures 4F, H), the knockout of Rnasehl
might alter the dynamics of recombinase loading during
meiosis. These findings suggest that RNase HI might pro-
mote the recruitment of recombinase during meiotic recom-
bination.

The foci number of recombinase appeared to increase
in Stra8-Rnasehl~/~ early-pachytene spermatocytes (Fig-
ures 4F, H), suggesting that the persistent BRCA2 may
overcome the effects of Rmnasehl knockout on recombi-
nase recruitment. However, SIM images of RADS51 and
DMCI in StraS-Rnasehl~/~ early-pachytene spermato-
cytes showed that some recombinases could be observed on
non-homologous chromosome axes (Supplementary Fig-
ure S7A, B). In addition, HEI10, a pro-crossover pro-
tein (61,62), could be observed in non-homologous pair-
ing within Stra8-Rnasehl~/~ spermatocytes (Supplemen-
tary Figure S7F). As at least one partner is a non-
homolog, the non-homologous repair is taking place in

pachytene spermatocyte. (B) Quantification of the RPA foci per cell in Rnasehl/F and Stra8-Rnasehl =/~ spermatocytes. Lep: leptotene spermatocyte
(n = 24, 29 independent experiments for Rnasehl®/¥ and Stra8-Rnasehl~/~, respectively); E/M-Zyg: early or middle zygotene spermatocyte (n = 38,
47 independent experiments for Rnasehl™/F and Stra8-Rnasehl =/~ respectively); L-Zyg: late zygotene spermatocyte (n = 29, 28 independent experi-
ments for Rnasehl®/F and Stra8-Rnasehl =/~ respectively); E-Pac: early-pachytene spermatocyte (n = 33, 46 independent experiments for Rnasehl*/t
and Stra8-Rnasehl~/~, respectively). Green dots indicate Rnasehl®/* spermatocytes, and red dots indicate Stra8-Rnasehl =/~ spermatocytes. Data are
presented as means + SD. two-tailed Student’s -test; ns: no significance; ***P < 0.001. (C) Immunofluorescence analysis of SYCP3 (red) and BRCA2
(green) are performed in Rnasehl®/F and Stra8-Rnasehl =/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue). Zyg: zygotene sper-
matocyte; E-Pac: early-pachytene spermatocyte. (D) Quantification of the BRCA2 foci per cell in Rnasehl™/F and Stra8-Rnasehl =/~ spermatocytes. Lep:
leptotene spermatocyte (n = 25, 28 independent experiments for Rnasehl?/F and StraS-Rnasehl =/, respectively); E/M-Zyg: early or middle zygotene
spermatocyte (n = 46, 44 independent experiments for Rnasehl™/¥ and StraS-Rnasehl =/~ respectively); L-Zyg: late zygotene spermatocyte (n = 31, 19
independent experiments for Rnasehl*/¥ and Stra8-Rnasehl =/~ respectively); E-Pac: early-pachytene spermatocyte (n = 23, 46 independent experiments
for Rnasehl®/¥ and Stra8-Rnasehl~/~, respectively). Green dots indicate Rnasehl*/f spermatocytes and red dots indicate Stras-Rnasehl =/~ spermato-
cytes. Data are presented as means + SD. two-tailed Student’s 7 test; ns: no significance; **P < 0.01. (E) Immunofluorescence analysis of SYCP3 (red)
and RADS1 (green) are performed in Rnasehl/¥ and Stra8-Rnasehl~/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue). Zyg:
zygotene spermatocyte; E-Pac: early-pachytene spermatocyte. (F) Quantification of the RADS1 foci per cell in Rnasehlt/f and Stra8-Rnasehl~/~ sper-
matocytes. Lep: leptotene spermatocyte (n = 31, 34 independent experiments for Rnaseh1?/F and Stra8-Rnasehl =/~ respectively); E-Zyg: early zygotene
spermatocyte (n = 16 independent experiments for Rnasehl™/¥ and Stra8-Rnasehl~/~); M-Zyg: middle zygotene spermatocyte (n = 43, 36 independent
experiments for Rnasehl®/* and StraS-Rnasehl~/~, respectively); L-Zyg: late zygotene spermatocyte (1 = 31, 29 independent experiments for Rnasehl/*
and Stra8-Rnasehl~/~, respectively); E-Pac: early-pachytene spermatocyte (n = 30, 44 independent experiments for Rnasehl™/¥ and Stra8-Rnasehl=/~,
respectively). Green dots indicate Rnasehl*/F spermatocytes, and red dots indicate Stra8-Rnasehl~/~ spermatocytes. Data are presented as means & SD.
two-tailed Student’s 7-test; ns: no significance; *P < 0.05; **P < 0.01; ***P < 0.001. (G) Immunofluorescence analysis of SYCP3 (red) and DMC1 (green)
are performed in Rnasehl*/¥ and Stra8-Rnasehl =/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue). Zyg: zygotene sperma-
tocyte; E-Pac: early-pachytene spermatocyte. (H) Quantification of the DMCI foci per cell in Rnasehl®/F and StraS-Rnasehl~/~ spermatocytes. Lep:
leptotene spermatocyte (n = 26, 32 independent experiments for Rnasehl?/¥ and StraS-Rnasehl =/~ respectively); E-Zyg: early zygotene spermatocyte
(n = 18, 25 independent experiments for Rnasehl®/* and Stra8-Rnasehl /!~ respectively); M-Zyg: middle zygotene spermatocyte (n = 37, 33 independent
experiments for Rnasehl®/F and StraS-Rnasehl~/~, respectively); L-Zyg: late zygotene spermatocyte (1 = 39, 33 independent experiments for Rnasehl/*
and Stra8-Rnasehl =/~ respectively); E-Pac: early-pachytene spermatocyte (n = 41, 55 independent experiments for Rnasehl®/* and Stra8-Rnasehl =/,
respectively). Green dots indicate Rnasehl*/¥ spermatocytes, and red dots indicate Stra8-Rnasehl~/~ spermatocytes. Data are presented as means & SD.
two-tailed Student’s 7-test; ns: no significance; **P < 0.01; ***P < 0.001.
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Stra8-Rnasehl =/~ spermatocytes, which may further lead
to pachytene spermatocyte death.

DNA-RNA hybrids accumulate in stra8-rnasehl~/~ sperma-
tocytes

To explore the function of RNase H1 on recombinase load-
ing during meiotic recombination, we used immunoblotting
to first examine its expression in mouse testis. We found
RNase H1 was detectable in testes at PD2, and levels kept
increasing from PD14 onward and reached maximum levels
at PD21 (Figure 5A), indicating RNase H1 was predom-
inantly expressed in spermatocytes. Further immunoblot-
ting and immunostaining showed similar results (Figures
5B, C, Supplementary Figure S2B). Next, we characterized
the precise localization of RNase H1 in spermatocyte chro-
mosomal spreads using immunofluorescence. At leptotene
and zygotene stages, RNase H1 showed punctate signals,
and some RNase H1 foci localized along chromosome axes
(Figure 5D). RNase H1 signals reached maximum levels at
the pachytene stage, and its signals were absent in Stra§-
Rnasehl =/~ spermatocytes (Figure SD). Thus, RNase H1
dynamically localizes on meiotic chromosomes in meiosis
prophase 1.

As RNase H1 is essential for meiotic recombination, we
further tested whether the RNase H1 signals along chro-
mosome axes in the zygotene stage are dependent on mei-
otic DSB formation. Pursuing this, we detected the local-
ization of RNase HI in Spoll1~/~ spermatocytes, which
abolished meiotic DSBs generation (47). We found RNase
H1 foci along chromosome axes disappeared after SPO11
depletion (Figure 5E), and RNase HI1 protein levels also
dramatically decreased in Spoll~/~ PDI2 testis (Figure
5F). Therefore, RNase H1 foci along chromosome axes are
highly associated with meiotic DSB formation. We also no-
ticed that RNase H1 foci along chromosome axes could
still be observed in Dmcl~/~ spermatocytes (Figure 5G),
and the protein level of RNase H1 in Dmcl =/~ testis were
similar with that of control groups (Figure 5G). In addi-
tion, the signals of HOP2, which binds with DMCI and is
required for accurate homology searching in the DMCI-
dependent pathway (63,64), were dramatically reduced in
Stra8-Rnasehl =/~ spermatocytes (Supplementary Figure
S8A), which was similar to Dmcl~/~ spermatocytes (Sup-
plementary Figure S§A). As the Rnasehl knockout impairs
DMCI loading (Figures 4G, H), RNase HI might function
upstream of DMC1 during meiotic recombination.

Given that RNase H1 is a key modulator for DNA-RNA
hybrid homeostasis by degrading the RNA within DNA—
RNA hybrids (9), we examined the hybrid level in sperma-
tocyte chromosomal spreads using the immunofluorescence
of S9.6 antibody, which is effective in the identification of
DNA-RNA hybridization (65). DNA-RNA hybrids were
widely observed in the nuclei of leptotene spermatocytes,
and some DNA-RNA hybrid punctate signals appeared
along chromosome axes (Figures 51, J). RNase A treatment
totally abolished DNA-RNA hybrid signals in spermato-
cyte chromosomal spreads (Figure 5I). We also examined
the localization of DNA-RNA hybrids in Spoll~/~ sper-
matocytes and found the DNA—RNA hybrid signals along
chromosome axes disappeared (Figure 5K). In addition, we

noticed that DNA-RNA hybrids in wild-type spermato-
cytes were adjacent to RPA, RADSI1, and DMCI1 (Supple-
mentary Figures S§B-G). Our findings suggest DNA-RNA
hybrids can form near meiotic DSB sites, and hybrid gener-
ation is highly associated with meiotic DSB formation.

DNA-RNA hybrid signals exhibited a slight decrease
and localized on the chromosome axes at zygotene and
pachytene stages (Figures 51, J), showing the opposite ten-
dency of RNase H1. In Stra8-Rnasehl~/~ spermatocytes,
DNA-RNA hybrid signals significantly increased (Figures
51, J), especially with chromosome axis signals at zygotene
and pachytene stages (Figure 51). In addition, DNA-RNA
hybrid signals that were adjacent to RPA were dramatically
elevated in Stra8-Rnasehl~/~ spermatocytes (Supplemen-
tary Figure S8B). Thus, the germ cell-specific knockout of
Rnasehl causes the accumulation of DNA-RNA hybrids in
meiosis prophase I, and RNase HI modulates the DNA-
RNA hybrid homeostasis during the meiotic recombina-
tion.

RNase H1 promotes recombinase recruitment by digesting
DNA-RNA hybrids

DNA-RNA hybrids have been shown to form in DNA
damage sites (66). Given that germ cell-specific knockout
of Rnasehl led to DNA-RNA hybrid accumulation (Fig-
ure 5) and altered the dynamics of RADS51 and DMCI1
loading on DSB sites (Figures 4E-H), we speculated that
RNase H1 might promote recombinase loading by pro-
cessing DNA-RNA hybrids. To test this hypothesis, we ex-
amined the effect of RNase H1 on recombinase loading
onto DNA-RNA hybrids at the single-molecule level. To
this end, we employed dual-optical traps combined with
confocal microscopy to record the length of a DNA-RNA
hybrid molecule and the fluorescence signals of recombi-
nases in real time (Figure 6A) (67). In this experiment,
a single DNA-RNA hybrid molecule (7.4 kb) was sus-
pended between one fixed trap and one steered trap via
two streptavidin-coated microspheres, and a high-frequency
feedback system on the steered trap was employed to ensure
the force on the hybrid remained constant. Once RNase H1
degrades the RNA within the DNA-RNA hybrid, the hy-
brid length would increase under tension (Figure 6A), and
fluorescently labeled recombinases bound to ssDNA could
be monitored (68).

We started this experiment at a force of 10 pN with 5
nM of RNase H1. As expected, the hybrid length contin-
uously increased, starting at 10 seconds(s) and leveling off
at about 100 s (Figure 6B). In addition, the molecule exten-
sion rate increased from 10.9 + 0.9 to 33.8 £ 4.9 nm/s when
the RNase H1 concentration was increased from 5 to 50 nM
(Figure 6B). These changes in the hybrid length reflect the
DNA-RNA hybrid degradation activity of RNase HI.

Next, we examined the loading of RADSI1 onto the hy-
brid by using the fluorescently labeled (Alexa Fluor 55) pro-
tein RADS51-AF555. The presence of 300 nM of RADSI1-
AF555 caused a slow increase in the hybrid length at a rate
0of 0.8 & 0.2 nm/s over 120 s. Concurrently, the fluorescence
signal along the DNA-RNA hybrid was minimal (Figures
6C, D). These mechanical and fluorescent findings support
that RADS] is barely loaded onto the DNA-RNA hybrid
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under these conditions. In stark contrast, the presence of
20 nM of RNase H1 caused a rapid increase in the hybrid
length that plateaued after 60 seconds, occurring at a rate
of 23.7 £ 0.9 nm/s, which was comparable to the rate of
20.3 £+ 4.3 nm/s observed with 20 nM of RNase H1 only
(Figures 6B, C). Meanwhile, the RADS51-AFS555 fluores-
cent signal along the DNA-RNA hybrid appeared and was
quickly saturated (Figures 6C, D), suggesting the molecule
was entirely coated by RADS1. These observations indicate
RNase H1 indeed facilitates the loading of RADS51 onto the
hybrid.

Using the same experimental conditions, we investigated
another recombinase, DMCI. In the presence of 300 nM
of DMCI labeled with an enhanced green fluorescent pro-
tein (DMC1-eGFP), the hybrid length showed no apparent
changes, and the fluorescence signal was not detected along
the hybrid. Nevertheless, the addition of 20 nM RNase H1
promotes a rapid increase in the hybrid length at a rate of
17.4 + 2.6 nm/s and leads to a complete coating of DMC1
onto the molecule within 90 s (Figures 6E, F). Therefore,
RNase HI directly facilitates recombinase loading onto the
DNA-RNA hybrid.

DISCUSSION

Meiotic recombination is critical for genetic diversity and
successful sperm production, is initiated through pro-
grammed DSBs and requires many recombination factors
to be recruited and facilitated for homology-directed DNA
repair (69-71). Emerging evidence suggests that DNA-
RNA hybrids participate in DNA repair (6,72), could di-
rectly form in DNA damage sites (66) and might facilitate
DNA repair by protecting 3’ overhangs, recruiting recom-
bination factors, enhancing D-loops formation, and induc-
ing RNA-template-dependent repair (1,6,66,72-77). Here,
we found that DNA-RNA hybrids were widely detected in
the nuclei of spermatocytes, and some DNA-RNA hybrid
punctate signals appeared along chromosome axes at lep-
totene and zygotene stages in the SPO11-dependent path-
way (Figure 5D). Germ cell-specific knockout of Rnasehl
causes the accumulation of DNA-RNA hybrids in meio-
sis prophase I, which altered the dynamics of RADS51 and
DMCI recombinase loading on DSB sites (Figure 4, Sup-
plementary Figure S7).

As for the relationship between RADS1 and DMCI1
recombinase loading and accumulated DNA-RNA hy-
brids, we have demonstrated that DNA-RNA hybrids di-

rectly inhibit RADS51 and DMCI loading by in vitro ex-
periments (Figure 6). We further examined localizations
of RAD51/DMCI1 and DNA-RNA hybrids, and found
that DNA-RNA hybrids were adjacent to RADS5I and
DMCI1, but not completely co-localized with each other
(Supplementary Figure S8D-G). Even in Stra8-Rnasehl =/~
spermatocytes, the accumulated DNA-RNA hybrids were
still partially co-localized with RPA (Supplementary Fig-
ure S8B). Therefore, DNA-RNA hybrids may not be fully
formed in the resected ssDNA because some recombinases
still could be loaded onto meiotic DSB ends. Accumulated
DNA-RNA hybrids in Stra8-Rnasehl~/~ spermatocytes
might inhibit further assembly of recombinases near the
meiotic DSB regions.

Both aforementioned hypotheses raise a key question:
do DNA-RNA hybrids physically block recombinase
loading onto DNA-RNA hybrids? Our single-molecule
data provide direct evidence to show that RADS51 and
DMCI1 recombinases are incapable of directly recognizing
and loading onto DNA-RNA hybrids, and RNase HI1-
mediated DNA-RNA hybrid digestion promotes RADS1
and DMCI1 nucleoprotein filament formation (Figures 6C—
F). Thus, DNA-RNA hybrids prevent recombinases from
loading and this prevention might be relieved by RNase H1
degrading RNA in DNA-RNA hybrids, further promoting
meiotic recombination (Figure 7).

RADS1 and DMCI1 are key recombinases during mei-
otic recombination, which bind to the 3’'ssDNA overhangs
around DSB sites to form nucleoprotein filaments. RADS1
and DMCI1 nucleoprotein filaments search for the match-
ing sequence on the homologous chromosome and carry
out strand invasion (78,79). Distinctive roles of RADS1
and DMCI recombinases in meiotic recombination have
been identified (58,80,81). We found that the knockout of
Rnasehl has different effects on RAD51 and DMCI1 during
the early-pachytene stage. More DMCI foci were observed
than RADS51 foci (Figures 4E-H). Given that DMCI binds
near DNA break sites (81) and germ cell-specific knockout
of Rnasehl has little effect on the recruitment of ssDNA
binding proteins and BRCA2 after DSB resection (Fig-
ures 4A-D and Supplementary Figure S6), DNA-RNA hy-
brids may occur farther away from DNA break sites and
nearer to junctions with dsSDNA. Indeed, DNA-RNA hy-
brids were adjacent to RPA, RADS1 and DMCI1 (Sup-
plementary Figures S§B-G). In addition, DMCI shows a
higher mismatch tolerance than RADS51 (80), and the re-
cruitment of DMCI in Stra8-Rnasehl =/~ early-pachytene

Sertoli cells, spermatocytes (spa), round spermatids (rST), and elongated spermatids (eST). GAPDH serves as the loading control. (C) Immunofluores-
cence analysis of SYCP3 (green) and RNase H1 (red) are performed in Rnasehl™/F and StraS-Rnasehl =/~ testis. Nuclei are stained with DAPI (blue).
(D) Immunofluorescence analysis of SYCP3 (red) and RNase HI (green) are performed in Rnasehl/F and Stra8-Rnasehl =/~ spermatocyte chromoso-
mal spreads. Nuclei are stained with DAPI (blue). Arrowheads indicate RNase H1 signals along chromosome axes. (E) Immunofluorescence analysis of
SYCP3 (red) and RNase H1 (green) are performed in Spol1*/* and Spol1~/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue).
Arrowheads indicate RNase H1 signals along chromosome axes. (F) Immunoblotting of RNase H1 is performed in Spol1*/* and Spoll~/~ testes. Tubu-
lin and GAPDH serves as the loading control. (G) Immunofluorescence analysis of SYCP3 (red) and RNase H1 (green) are performed in Dmcl*/* and
Dmel~/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue). Arrowheads indicate RNase H1 signals along chromosome axes. (H)
Immunoblotting of RNase H1 is performed in DmcI*/* and Dmcl =/~ testes. Tubulin and GAPDH serves as the loading control. (I) Immunofluorescence
analysis of SYCP3 (green) and S9.6 (white) are performed in Rnasehl™/F and StraS-Rnasehl~/~spermatocyte chromosomal spreads. Nuclei are stained
with DAPI (blue). Arrowheads indicate S9.6 signals along chromosome axes. (J) Quantification of the relative mean intensity of S9.6 in Rnasei1*/¥ and
Stra8-Rnasehl =/~ spermatocytes. Data are presented as means + SD. two-tailed Student’s ¢-test; ** P < 0.01. (K) Immunofluorescence analysis of SYCP3
(red) and S9.6 (green) are performed in Spol1*/* and Spoll~/~ spermatocyte chromosomal spreads. Nuclei are stained with DAPI (blue). Arrowheads

indicate S9.6 signals along chromosome axes.
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Figure 6. RNase H1 promotes recombinase recruitment by degrading DNA—RNA hybrids. (A) A schematic of the experimental configuration. A biotiny-
lated 7.4-kb DNA-RNA hybrid is suspended between two streptavidin-coated beads, which are manipulated by two optical traps. DNA length is expected
to increase when the suspended DNA-RNA hybrid is degraded to ssDNA by RNase H1. (B) The DNA-RNA hybrid template length as a function of time
in the presence of 5, 20 and 50 nM RNase H1. A linear fit is shown as a black dotted line. (C) Representative kymographs showing RADS51-AF555 signal on
the DNA-RNA hybrid in the absence (top) and presence (bottom) of 20 nM RNase H1. The corresponding length of the examined molecule under 10 pN
is shown below the kymograph. A linear fit is shown as a black dotted line. (D) Real-time fluorescence intensities of RADS51-AF555 along the DNA-RNA
hybrid in the absence (gray) and presence (green) of 20 nM RNase H1. The shaded area represents SEM (n > 5). (E) Representative kymographs showing
DMCI1-eGFP signal on the DNA-RNA hybrid in the absence (top) and presence (bottom) of 20 nM RNase H1. The corresponding length of the examined
molecule under 10 pN is shown below the kymograph. A linear fit is shown as a black dotted line. (F) Real-time fluorescence intensities of DMC1-eGFP
along the DNA-RNA hybrid in the absence (gray) and presence (purplish red) of 20 nM RNase H1. The shaded area represents SEM (n > 5).
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spermatocytes may cause non-homologous repair (Supple-
mentary Figures S7A, B and F), impairing proper crossover
formation and leading to meiotic arrest.

Given that, during yeast meiosis, accumulated DNA-
RNA hybrids have been shown to influence the accumula-
tion of Rad51p and Dmclp around DSB sites (82), DNA—
RNA hybrids may play a similar role in mouse meiotic re-
combination. In yeast, DNA-RNA hybrids were poorly de-
tected in RNHI (the homolog of Rnasehl), and deletion
strains and rnhl A cells showed little effect on yeast sporu-
lation (82). In contrast, our studies showed elevated DNA-
RNA hybrid levels in Stra8-Rnasehl~/~ spermatocytes
(Figure 51, J), and germ cell-specific knockout of Rnasehl
showed severe defects in mouse spermatogenesis, causing
male infertility (Figure 1). Therefore, mammalian sperma-
tocytes appear more sensitive to perturbed DNA-RNA hy-
brid homeostasis. Furthermore, accumulated DNA-RNA
hybrids in yeast meiosis have no effect on Rad51p foci but
influence their intensity and enrichment around DSB sites.
DNA-RNA hybrid foci were found to colocalize with RPA
foci (82). However, in Stra8-Rnasehl~/~ zygotene mouse
spermatocytes, RADS51 and DMCI1 foci significantly de-
creased (Figure 4E-H), and DNA-RNA hybrid signals
were adjacent to but not colocalized with RPA foci (Supple-
mentary Figure S§B-G). These findings indicate yeast and
mice recruit recombinases in different ways.

In fission yeast DSB repair processes, deletion of RNase
H1 and RNase H2 stabilizes DNA-RNA hybrids and im-
pairs the recruitment of RPA complexes around DSB sites
(73). In human somatic cells, a lack of EXOSC10 causes
increased DNA-RNA hybrid levels, which further per-
turbs RPA recruitment to DSB sites (83). However, germ
cell-specific Rnasehl knockout in mice has little effect on

the recruitment of SSBs after DSB resection during mei-
otic recombination (Figures 4A, B, and Supplementary
Figure S4). A similar phenomenon was observed during
yeast meiosis in rnhl A/rnh201 A /hprl A triple mutant cells
(82). Therefore, the effects and regulation mechanism(s) of
DNA-RNA hybrids on SSBs recruitment should be differ-
ent in mitotic DSB repair and meiotic recombination.

The DNA-RNA hybrid helicase, Senataxin, has also
been reported to participate in meiotic recombination and
MSCI during mouse spermatogenesis (18,19). Different
from Rnasehl, the knockout of Setx impaired disassem-
bly of RADSI filaments, and totally abolished crossover
formation in mouse meiosis (18). In addition, Senataxin
was critical for ATR and CHD4-mediated sex chromosome
transcriptional silencing and chromatin remodeling during
meiosis (19). Different roles of RNase H1 and Senataxin in
meiosis may be due to their different expression pattern and
localization in mouse spermatocytes, as Senataxin mainly
localized on the XY body at the pachytene stage (18), while
RNase H1 showed punctate signals and appeared along
chromosome axes at leptotene and zygotene stages (Figure
5C).

Except for meiotic recombination, germ cell-specific
knockout of Rnasehl also shows multiple defects during
spermatogenesis. Elevated DNA damage and cell death
could be observed in some Stra8-Rnasehl '~ preleptotene
spermatocytes (Supplementary Figure S4), which might be
due to accumulated DNA-RNA hybrids inducing replica-
tion stress (17,84). In the C. elegans germline, DNA-RNA
hybrid accumulation leads to irreparable DSB formation,
which could progress into meiosis and propagate in oocytes
(17). Therefore, the DNA-RNA hybrid accumulation in
Stra8-Rnasehl =/~ preleptotene spermatocytes might also
lead to irreparable DSBs and further impair the meiotic
process. The knockout of RNase H1 also caused prema-
ture chromosomal desynapsis at the diplotene stage (Fig-
ure 2F), indicating, except for meiotic recombination, that
RNase H1 localized to chromosome axes might also partic-
ipate in synaptonemal complex stabilization. Thus, DNA—
RNA hybrids and their regulators may play multiple roles
during spermatogenesis.
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