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Abstract

During male meiosis, the constitutively unsynapsed XY chromosomes undergo meiotic sex chromosome inactivation (MSCI), and the DNA
damage response (DDR) pathway is critical for MSCI establishment. Our previous study showed that UHRF1 (ubiquitin-like, with PHD and ring
finger domains 1) deletion led to meiotic arrest and male infertility; however, the underlying mechanisms of UHRF1 in the regulation of meiosis
remain unclear. Here, we report that UHRF1 is required for MSCI and cooperates with the DDR pathway in male meiosis. UHRF1-deficient
spermatocytes display aberrant pairing and synapsis of homologous chromosomes during the pachytene stage. In addition, UHRF1 deficiency
leads to aberrant recruitment of ATR and FANCD2 on the sex chromosomes and disrupts the diffusion of ATR to the XY chromatin. Furthermore,
we show that UHRF1 acts as a cofactor of BRCAT1 to facilitate the recruitment of DDR factors onto sex chromosomes for MSCI establishment.
Accordingly, deletion of UHRF1 leads to the failure of meiotic silencing on sex chromosomes, resulting in meiotic arrest. In addition to our previous
findings, the present study reveals that UHRF1 participates in MSCI, ensuring the progression of male meiosis. This suggests a multifunctional
role of UHRF1 in the male germline.

Summary Sentence

UHRF1 is directly interacts with BRCA1 and has critical role in meiotic sex chromosome inactivation (MSCI).

Received: October 1,2021. Revised: January 4, 2022. Accepted: March 4, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please
e-mail: journals.permissions@oup.com

220z 11dy 0Z Uo Jasn wisyuayoH NI A 2.0/559/¥502801/241010/€60 "0 L/10p/aI01E-80UBAPE/POIdaI0IG/W0D" dNo"dlWapedE//:sdny Wolj papeojumoq


https://doi.org/10.1093/biolre/ioac054

Graphical Abstract

The role of UHRF1 in sex chromosome silencing, 2022

Stages of Meiotic Prophase |

Leptotene —> Zygotene —> Pachytene
XY body
POL I

Control
w Diplotene
Uhrf1 cKO E
d /‘z\ @J

(e

MSCI failure

Keywords: DNA damage response, male infertility, meiosis, meiotic sex chromosome inactivation (MSCI), UHRF1

Introduction

Meiosis is a pivotal process for sexual reproduction in which
diploid cells divide into haploid cells. During this process,
diploid cells proceed through the pre-meiotic S phase and
then enter the extended prophase of meiosis I (the leptotene,
zygotene, pachytene, diplotene, and diakinesis stages) to reach
the first and second meiotic divisions. Multiple specific chro-
mosomal events occur during the prophase of meiosis I, such
as chromosome axis formation, homolog recombination, pair-
ing, and synapsis, to allow proper alignment and separation
[1]. Homologous recombination is initiated by programmed
DNA double-strand breaks (DSBs), which occur at leptonema
and induce the linkage and pairing of two individual inter-
acting DNA segments. Following pairing, the axial element
extends along the entire length of the chromosome axis, and
homologs come closer to each other to form a more robust
synaptonemal complex (SC) called synapsis. The stage of SC
formation is defined as “zygotene,” and when the formation
of SC is completed, the cells enter “pachytene” [2]. At the
pachytene stage, all autosomal chromosomes complete pairing
and synapsis, but male meiotic X and Y chromosomes are
largely heterologous and only partially pair or synapse by their
pseudoautosomal regions (PARs) [3].

Defective synapsis is toxic to the meiotic cells and will be
eliminated by surveillance mechanisms during the pachytene
stage. Increased evidence suggests that asynapsed chromo-
somes at pachynema undergo meiotic silencing of unsynapsed
chromatin (MSUC) [4, 5] in response to unsynapsis [6-8].
Importantly, meiotic silencing of the asynapsed XY chro-
mosome regions at pachynema is essential for male meio-
sis. Meiotic sex chromosome inactivation (MSCI) is a sex
chromosome-specific process for transcriptional silencing of
the X and Y chromosomes in the mammalian male germline

[9]. MSCI emerges at the pachytene stage after autosomal
homolog pairing and synapsis has been completed, and is
mediated by a large-scale chromatin remodeling of the X
and Y chromosomes [10]. In addition, MSCI is initiated
and directed by the DNA damage response (DDR) pathway,
a carefully monitored cellular network that identifies DNA
damage and activates DNA damage repair and cell cycle
checkpoints to guard genome integrity [11, 12]. In meiosis,
DDR proteins function as the “effectors” localized on the
unsynapsed axes. Once autosomes have completed synapsis
and recombination at the onset of the pachytene stage, DDR
proteins are removed from autosomes, and autosomes become
transcriptionally active. However, DDR proteins remain in the
“XY body” containing partially synapsed sex chromosomes
and direct the inactivation of the meiotic sex chromosome.
BRCA1, one of the earliest DDR factors involved in XY body
formation, binds to unsynapsed axes and recruits ATR to
initiate yH2AX phosphorylation, followed by the MDC1-
dependent expansion of yH2AX to chromatin loops [13, 14].
Evidence has shown that meiotic deficiency of DDR factors
causes MSCI defects and meiotic failures, such as Brcal [15],
ATR [16],and Topbp1 [7]. However, the mechanism by which
the DDR pathway triggers the inactive state of the unsynapsed
chromosome remains largely unknown.

UHRF1 (Ubiquitin-like, with PHD and RING finger
domains 1, also known as NP95 or ICBP90) is a ubiquitin
E3 ligase that is best known for its function in DNA
methylation and histone modification. This ligase binds
to hemi-methylated DNA and tethers DNMT1 to catalyze
the methylation of a newly synthesized daughter DNA
strand, and has been found to play multiple roles in histone
modifications such as H3R2me0, H3K4me0, H3K9me2/3,
and H3 ubiquitination [17-20]. Remarkably, previous studies
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have indicated that UHRF1 is linked to DDR by cooperating
with DDR factors such as the Fanconi anemia (FA) protein
FANCD2 during somatic DNA damage repair to protect
genome stability [21-24]. In previous studies, including our
own, UHRF1 has been reported to repress retrotransposons
and links DNA methylation, histone modification, and
piRNA pathways by interacting with DNMT1, PRMTS,
and PIWI proteins. It has also been found to be essential
for spermatogenesis and male fertility [25-27]. The loss of
UHRF1 has been reported to result in massive depletion of
pachytene spermatocytes during meiotic prophase I, as well as
impaired homologous chromosome pairing and synapsis [25—
27]. However, the role and molecular mechanism of UHRF1
in male MSCI at the pachytene stage during male meiosis still
needs to be elucidated.

In this study, we showed that UHRF1 participates in the
MSCI process to ensure the progression of male meiosis using
our previously generated Ubrf1 conditional mouse model.
UHRF1-deficient spermatocytes exhibit absent and/or aber-
rant sex chromosomal pairing, failure of DDR factors recruit-
ment onto sex chromosomes, and disturbed XY body forma-
tion, leading to defective MSCI. Mechanistically, we found
that UHRF1 is involved in the DDR pathway for the reg-
ulation of MSCI by interacting with BRCA1. These results
reveal a novel role of UHRF1 in the regulation of male meiotic
prophase and provide a potential regulatory mechanism for
the MSCI process, which adds another layer of a function of
UHRF1 in male germ cell development.

Material and methods
Ethics statement

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Tongji Medical College,
Huazhong University of Science and Technology, and the mice
were housed in the specific pathogen-free facility of Huazhong
University of Science and Technology. All experiments with
mice were conducted ethically according to the Guide for the
Care and Use of Laboratory Animal guidelines.

Generation of Uhrf1 conditional knockout mice

Uhrfiflox/flox mice were generated by embryonic stem cell
(ESC) targeting and blastocyst injection at the Shanghai
Research Center for Model Organisms as reported previously
[25]. Stra8-Cre mice in a C57BL/6 ] background were
purchased from the Jackson Laboratory. Ngn3-Cre mice
were generously gifted by Prof. Lan Ye at Nanjing Medical
University. Ngn3-Cre mice were obtained from the Jackson
Laboratory (Stock numbers: Ngn3-Cre, 06333). Ubrf1flox/flox
mice were crossed with transgenic mice expressing CRE
recombinase under the control of the Stra8 or Ngn3
promoter to generate Ubrf1/10%/+ Cre-carrying offspring,
which were further crossed with Ubrf1flox/flox mice to
produce Uhbrf1f0x/=; Stra8-Cre or Ubrf1f'ox'~; Ngn3-Cre
mice, respectively. Primers used for genotyping for Ubrf1
floxed and Cre alleles are listed in Supplementary Table S1.

Histology and immunofluorescence

For histology, testes were fixed in Bouin solution (Lot#SLBJ385
5V, Sigma) overnight, dehydrated in ethanol, embedded in
paraffin, sectioned, and stained with periodic acid-Schiff
(PAS) kit according to the manufacturer’s instructions.

Immunofluorescence was performed on frozen sections of
testes. Briefly, testes were fixed in 4% paraformaldehyde,
dehydrated in sucrose, and embedded in O.C.T (Sakura
Finetek, 4583). Five-micrometer-thick cryosections were cut
and washed with PBS three times. For antigen retrieval,
cryosections were microwaved in 0.01 M sodium citrate
buffer (pH = 6.0) and then cooled down to room temperature.
After washing with PBS three times (10 min per wash), the
sections were blocked in blocking solution (containing 5%
normal donkey serum) for 1 h. Tissue sections were then
incubated with primary antibodies and secondary antibodies
and mounted with DAPI (H1200, Vector Laboratories) and
photographed.

Meiotic chromosome spreads assay and
immunocytochemistry

Meiotic chromosome spreads were performed as described
previously [28]. In brief, the testes were excised, the tunica
albuginea was removed, and the seminiferous tubules were
separated and washed in ice-cold PBS three times. Next,
seminiferous tubules were incubated in hypotonic extraction
buffer (50 mM sucrose, 30 mM Tris-base, 17 mM trisodium
citrate, 5 mM dithiothreitol (DTT), 5§ mM ethylenediaminete-
traacetic acid (EDTA), and 1 x complete protease inhibitor
cocktail (pH=8.2) for 1.5-2 h. After this incubation,
seminiferous tubules were transferred to a 100 mM sucrose
solution and gently mashed with tweezers to release germ
cells. Then, approximately 30 uL of diluted suspension was
applied to a positively charged slide that was pretreated with
fixation solution (2% paraformaldehyde, 0.02% sodium
monododecyl sulfate, 0.05% Triton X-100, and sodium
borate buffer to adjust the pH to 9.2). The slides were
incubated in humid chambers at RT for 3 h. Then, the slides
were washed twice in 0.4% Photo-Flo 200 (Kodak, 146—4
510) for 2 min each. The slides were air-dried at RT for 15—
30 min and then blocked with blocking solution (containing
5% normal donkey serum) for 1 h before incubation with
primary antibodies. Primary antibodies used for immunoflu-
orescence were as follows: anti-SYCP3 (Santa sc-74569),
anti-SYCP1 (Abcam, ab15090), anti-MDC1 (a gift from Dr
Mengcheng Luo, Wuhan University, China), anti-yH2AX
(Abcam, ab81299), anti-ATR (Santa, sc-515173), anti-H1T
(Proteintech, 18188-1-AP), anti-HORMAD1 (Proteintech,
13917-1-AP), anti-TOPBP1 (Proteintech, 23340-1-AP), anti-
BRCA1 (a gift from Dr. Linyv Lu, Zhejiang University, China),
anti-H3K9me3 (Abclonal, A2360), anti-CREST (Antibodies
Incorporated, 15-234-0001), anti-UHRF1 (Santa, sc-373750),
anti-H3K9ac (Abclonal, A7255), anti-FANCD2 (Boster,
BM4604), anti-ATRIP (Santa, sc-365383), anti-phospho ATR
(S428) (Cell Signaling Technology, 2853), and anti-POL
II (Abcam, ab26721). We used donkey Alexa Fluor 488-
conjugated secondary antibody to rabbit (Jackson Immuno
Research, 711-545-152), donkey Alexa Fluor 5§94—conjugated
secondary antibody to mouse (Jackson Immuno Research,
715-585-150), goat Dylight 350-conjugated secondary
antibody to rabbit (Abbkine, A23020), FITC-conjugated
secondary antibody to human (Proteintech, SA00003-12) for
1 h at room temperature after washing with PBS and mounted
using Vectorshield mounting media with DAPI. To dissect the
accumulation of H3K9ac and POL II on the sex chromosomes,
we used NIH’s Image ] software to perform the quantitative
analysis as previously described [29]. The signal intensity at
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the origin was assigned a value of 1 to calculate the relative
intensity.

Analysis of RNA-Seq data

We used published RNA-seq datasets derived from Ubrfl
conditional knockout (cKO) spermatocytes and MII oocyte
samples for differential expression analysis, respectively [27,
30]. The datasets of Ubrf1 cKO spermatocyte and MII oocyte
samples were deposited in the GEO database under accession
numbers SRP201556 and NCBI SRA database with the acces-
sion number of PRJNA659887, respectively. To identify all
the transcripts, we used Tophat2 and Cufflinks to assemble
the sequencing reads based on the UCSC MM10 mouse
genome. Differential expression analysis was performed using
the DEGseq with R. The differentially expressed genes were
set with a threshold of P-value <0.001 and fold change >2.

RNA isolation and quantitative RT-PCR assay

Total RNA was extracted from the testes using TRIzol
reagent. The concentration and purity of RNA were deter-
mined by measuring the absorbance at 260/280 nm. Total
RNA (1 ug) was reverse transcribed using a high-capacity
cDNA reverse transcription kit (Vazyme) according to the
manufacturer’s instructions. The ¢cDNA was subjected to
real-time PCR using the SYBR qPCR master mix (Vazyme).
RT-qPCR was performed on a LightCycler@96 Real-Time
PCR system (Roche) according to the manufacturer’s
instructions. The primers used are listed in Supplementary
Table S1. Relative gene expression was quantified using the
comparative cycle threshold method, with Arbp expression
used for normalization.

Immunoprecipitation

Freshly isolated testes from the indicated genotypes were
dissected and lysed in IP buffer (20 mM HEPES, 150 mM
NaCl, 2 mM magnesium acetate, 0.2% NP-40, 1 mM DTT,
pH=7.3), clarified by centrifugation at 12 000 x g, and then
precleared with protein A beads (Bio-Rad, 161-4 013). The
lysate was incubated with primary antibodies overnight at 4
°C on a rotator and conjugated with protein A beads. The
beads were washed with IP buffer and then boiled in 2 x SDS
loading buffer for western blot analysis.

In vitro co-immunoprecipitation

Full-length and partial Ubrfl cDNA fragments were cloned
into the p-CMV vector encoding a FLAG-tag. BRCA1 cDNA
fragments were cloned into a p-CMV vector encoding an
MYC-tag. HEK293T cells (obtained from the Stem Cell Bank
of Chinese Academic Science) were transfected with the indi-
cated plasmids using Lipofectamine 2000 (Life Technolo-
gies). Immunoprecipitation was performed after 48 h. FLAG-
tagged or MYC-tagged proteins were detected by western
blotting using anti-FLAG antibody (1:1 000; 20543-1-AP,
Protein Tech) and anti-MYC antibody (1:10 000; 60003-2-Ig,
Protein Tech).

Immunoblotting

Tissues were rinsed with PBS and lysed in cold CHAPS
lysis buffer supplemented with phosphatase and protease
inhibitor cocktail tablets. Tissue lysates were rotated at 4 °C
for 15 min and centrifuged at 9000 rpm for 15 min at 4 °C.
Protein concentration was then determined using the bicin-
choninic acid (BCA) assay. Proteins (20 ug) were separated
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by sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) on 10% resolving gels. Protein loading was
verified by blotting for a-tubulin as indicated.

Statistical analysis

All data are reported as the mean = SD, unless otherwise
noted in the figure legends. Significance was tested using the
two-tailed unpaired Student #-test (*P <0.05, **P <0.01,
***P < 0.001) using Excel or Prism software.

Results
Loss of UHRF1 in male germline results in meiotic
arrest and mid-to-late pachytene cells elimination

Since our previous study has reported that UHRF1 exhibits a
dynamic nuclear-cytoplasmic translocation that translocates
from the cytoplasm to the nucleus during meiotic prophase
I [25], we further examined the localization of UHRF1
during the pachytene stage to gain a better understanding
of UHRF1 in male meiosis. In control pachynema (S#ra8-
Cre; Ubrf1t/flox) UHRF1 was detected in the nucleus at
early pachynema and localized in the chromatin of both
sex chromosomes and autosomes (Figure 1A). From early
pachynema to late pachynema, the intensity of the UHRF1
signal increased and throughout the nucleus (Figure 1A-C).
Interestingly, we noticed a distinguishable accumulation of
UHRF1 signal at the centromeric ends of chromosomes
from the mid-pachytene stage, including the centromeric
end of the X chromosome (Figure 1A-C in the right panel).
Because male germline-specific knockout Ubrfl (Stra8-
Cre induced) in mice led to spermatocytes arrested at
the pachytene stage [25, 27], we wanted to decipher the
function of UHRF1 in meiotic prophase I. We first confirmed
that UHRF1 signal was absent in Stra8-Cre; Ubrf1/oxi~
pachytene spermatocytes by immunofluorescence staining
(Figure 1D-F). To systematically elucidate the function of
UHRF1 during meiotic prophase I, we generated another
male germline-specific Ubrf1 knockout mouse model induced
by Ngn3-Cre mice (designated as Ngn3-Cre; Ubrfiflox/—),
Ngn-3-Cre is expressed from postnatal day 7(7 dpp) and
fully disrupts protein expression at 9 dpp, while Stra8-Cre
starts to express at 3 dpp with the peak expression from
7 dpp [31, 32]. Similar to Stra8-Cre; Ubrf1"~ males, the
Ngn3-Cre; Ubrf11o'— males were also infertile. The testes
weight of Ngn3-Cre; Ubrf17"~ mice were reduced by approx-
imately 4-fold relative to that of control mice (Ngn3-Cre;
Ubrf1llox/+) at 35 dpp, but showed no significant difference
compared to Stra8-Cre; Ubrf1"°%= mice (Supplementary
Figure S1A). Histological analysis of testes showed that
spermatogenesis was blocked during meiosis, as post-meiotic
germ cells were absent and the most advanced germ cells in
seminiferous tubules were pachytene spermatocytes in both
cKO mouse models (Supplementary Figure S1B). We then
performed meiotic chromosome spreads from adult mice
for further analysis. Further meiotic chromosome spread
analyses revealed that the population of leptotene/zygotene
spermatocytes in both Stra8-Cre; Ubrf1f0¥~ and Ngn3-
Cre; Ubrf1f0¥/= mice was increased significantly com-
pared to that in control mice. In contrast, compared to
control mice, the population of pachytene spermatocytes
decreased dramatically and diplotene spermatocytes were
almost absent in both Stra8-Cre; Ubrf11°¥~ and Ngn3-Cre;
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Figure 1. Meiotic deletion of UHRF1 causes the loss of mid-to-late pachytene spermatocytes. (A-F) Co-immunostaining of UHRF1 (red) and SYCP3
(green) in Stra8-Cre; Uhrf10%+ and Stra8-Cre; Uhrf1f2/~ pachytene spermatocytes. XY bivalent in the box is magnified in the right panels. Arrowheads
indicate the centromeric end of the X chromosome. (G) Co-immunostaining of H1T (green) and SYCP3 (red) in Uhrf17o/+ | Stra8-Cre; Uhrf170%= and
Ngn3-Cre; Uhrf1"0%~ pachytene spermatocytes. (H) Quantitative analysis of H1T-negative early pachytene spermatocytes and H1T-positive mid-late
pachytene spermatocytes described in (G). P-values were derived from an unpaired Student t-test, *P < 0.05 and ***P < 0.001. Scale bars in larger

panels: 10 um; scale bars in smaller panels: 5 um.

Ubrf1fo*= mice (Supplementary Figure S$1C-D). These
results suggest that UHRF1 deficiency causes severe depletion
of pachytene spermatocytes during meiosis.

To further examine the sub-stage of meiotic pachytene
stage arrest, we stained meiotic chromosome spreads with
antibodies against SYCP3 and a well-known mid-late
pachytene marker H1T [33] (Figure 1G). We found that
the ratio of H1T™ mid-late pachytene spermatocytes was
comparable between the Ngn3-Cre; Ubrf11°¥~ and Stra$-
Cre; Ubrf1fo= mice, but showed a significant decrease
in both Ngn3-Cre; Ubrf1fo*= and Stra8-Cre; Uhrf1flox/~
mice compared to controls (Figure 1H). Collectively, these
experiments demonstrated that the Ubrf1 germline knockout
using Stra8-Cre and Ngn3-Cre shared a phenotype similar to
that of meiotic arrest at the early to the mid-pachytene stage.
This suggests that UHRF1-deficiency in the male germline

results in the meiotic arrest and mid-to-late pachytene cell
elimination. In addition, since our previous study reported
that the meiotic initiation was not affected in Stra8-Cre;
Uhbrf1flox/= mice [25], we decided to focus on Stra8-Cre;
Uhbrf1flox/= mice (hereafter Ubrfl cKO) to further study the
role of UHRF1 in the meiotic process in the following study,
with Stra8-Cre; Ubrf1™+ mice (hereafter Control) serving as
controls.

UHRF1 is essential for meiotic chromosome pairing
and synapsis

Since synapsis is completed at the onset of pachytene stage
in male meiosis, we next investigated whether synapsis of
homologous chromosomes was impaired in Ubrf1 cKO mice
to determine the cause of meiotic arrest. Synaptonemal
complex protein 1(SYCP1), the central component of the
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SC, is a marker of synapsed chromosomes [34]. In contrast
to SYCP1, HORMAD proteins are markers of unsynapsed
or desynapsed chromosome axes, such as HORMAD1 and
HORMAD?2 [35-37]. Using meiotic chromosome spread
assays combined with immunostaining of SYCP1 (a marker
for synapsed chromosomes) and HORMAD1 (a marker for
unsynapsed or desynapsed chromosomes), we found that,
in the control pachytene spermatocytes, all homologous
chromosomes were paired and formed synapses except for
the X and Y chromosomes. The X and Y chromosomes
only pair at the PAR (Figure 2A, Supplementary Figure S2A).
However, after examining approximately 200 control and
Ubrfl ¢cKO pachytene spermatocytes, we observed severe
synapsis defects in Ubrf1 cKO spermatocytes (Figure 2B-E).
Strikingly, the ratio of fully homologous chromosome synapsis
was significantly decreased in Ubrfl cKO spermatocytes
compared to control spermatocytes (Figure 2E: ~36.5% in
Ubrf1 cKO versus ~89.5% in control). In addition, we found
that the majority of aberrant synapsis occurs on X and Y chro-
mosomes, as two types of X-Y synapsis defects were revealed
in Ubrfl cKO pachytene spermatocytes (Figure 2B and C).
The main defect in Ubrfl cKO cells was the separated X and
Y chromosomes without PAR synapsis, while the autosomes
showed full synapsis (Figure 2B and Supplementary Figure
S2B). The ratio of unpaired X and Y chromosomes was
significantly higher in Ubrf1 cKO pachytene cells than in
controls (Figure 2E: ~36.4% in Ubrf1 cKO versus ~6% in
control). We also observed a type of synaptic defect in Ubrf1
cKO cells characterized by the mislocalization of SYCP1 to
unsynapsed axes of sex chromosomes (Figure 2C). This defect
has been reported in spermatocytes with MSCl-associated
gene mutations, such as Raptor and Setdb1 [38, 39]. Similarly,
we observed that HORMADI1 failed to accumulate over
the entire length of the unsynapsed sex chromosome axes
in Ubrfl cKOs (Supplementary Figure S2D). The ratio of
SYCP1 mislocalization was significantly increased in Ubrf1
cKO pachytene cells compared to that in controls (Figure 2E:
~8.6% in Uhrfl cKO versus ~3% in control). In addition
to sex chromosome synapsis defects, autosome unsynapsis
also occurred in Ubrfl cKO pachytene spermatocytes, and
the frequency was significantly higher than in controls
(Figure 2D and E and Supplementary Figure S2C: ~18.5%
versus ~1.5%). Of note, we found a fraction of autosome-
unsynapsed Ubrfl cKO pachytene spermatocytes exhibiting
sex chromosome unsynapsis (Figure 2E: ~10.9% in Ubrf1
cKO versus 0% in control). These data suggest that UHRF1
is required for both autosome synapsis and sex chromosome
pairing.

Proper epigenetic modifications (i.e., histone H3K9 methy-
lation) at pericentric heterochromatin (PCH) during the lep-
totene stage is required for subsequent homologous pair-
ing [40], so we then examined the H3K9me3 expression in
leptotene and zygotene spermatocytes of control and Ubrf1
cKO males. Unlike the characteristic PCH enrichment of
H3K9me3 in control males, Ubrf1 cKO males exhibited a
diffuse pattern of H3K9me3 distribution during the leptotene
and zygotene stages (Supplementary Figure S3A-D). In par-
ticular, we observed a PCH clustering defect with H3K9me3
signals failing to fully cover the centromeres (marked by
CREST) at the zygotene stage in Ubrf1 cKO spermatocytes
(Supplementary Figure S3D). This result implies defective
constraining movement of chromosomes, thereby impairing
homologous pairing in Ubrf1 cKO spermatocytes. Likewise, a
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recent study reported that UHRF1 promotes PCH clustering
during meiosis [26]. Moreover, the intensity of H3K9me3
signal on sex chromosomes was obviously decreased in Ubrf1
cKO spermatocytes at the early pachytene stage (Supplemen-
tary Figure S3E and F). Altogether, our data indicate that
UHRF1 is essential for proper synapsis in male meiosis.

UHRF1 is required for the removal of yH2AX from
autosomes

Under normal conditions, asynapsed chromosomes trigger
MSUC in male meiosis [5, 41]. Upon synapsis of autosomes
complete at the onset of the pachytene stage, DDR fac-
tors (such as BRCA1, ATR, yH2AX, etc.) diminish from
autosomes and only accumulate on sex chromosomes to
establish MSCI [15, 16, 42]. To assess whether the synaptic
defects are associated with MSUC in Ubrf1 ¢cKO pachytene
spermatocytes, we performed meiotic chromosome spreads
using antibodies against SYCP3 and yH2AX to examine the
DDR signals in pachytene spermatocytes. The results showed
that, in ~85.2% control pachynema, the yH2AX signal was
localized in the XY body (Figure 3A, column 1). In contrast,
in only ~14.7% of Ubrfl cKO pachynema, the yH2AX
signal was properly present in the XY body (Figure 3A,
column 1), suggesting that the removal of yH2AX from
autosomes was significantly impaired in a large percentage
of Ubrfl cKO pachytene spermatocytes. In particular, we
defined three types of abnormal yH2AX accumulation
patterns according to yH2AX mislocalization. Type I was
the unsynapsed autosome-induced yH2AX retention at the
autosome axes, which was observed in ~16.1% Ubrfl
cKO pachynema, while only ~2.8% in control pachynema
(Figure 3A, column 2). Moreover, we observed retained
yH2AX signals in some synapsed autosomes in ~18.6%
Ubrfl cKO pachynema, defined as type II, which was only
found in ~1.7% control pachynema (Figure 3A, column 3).
Normally, the X-Y chromosomes are covered by yH2AX
signals and form an XY body distinct from autosomes during
the pachytene stage. However, we found that in ~50.6%
of Ubrfl cKO pachynema, the XY body tended to include
autosomes, defined as type III, which was significantly higher
than ~10.3% in control pachynema (Figure 3A, column
4). Furthermore, we examined the localization of MDC1
(a yH2AX-binding protein that mediates the chromosome-
wide spreading of yH2AX) [13] on the XY body of Ubrf1
cKO pachynema. We observed mislocalization of MDC1 in
Ubrfl cKO pachynema, similar to yH2AX in Ubrfl cKO
pachynema (Supplementary Figure S4A-D). Together, these
results indicate that UHRF1 is required for yH2AX removal
from autosomes and is associated with MSUC response during
meiosis.

Failure in silencing of XY-linked genes in
UHRF1-deficient pachytene spermatocytes

Since a close connection can be observed between the XY
body formation and MSCI [43], we next examined whether
the deletion of Ubrfl disrupts XY chromosome silencing
in pachytene spermatocytes. To this end, we first examined
the status of histone H3 acetylated at lysine9 (H3K%ac), a
histone modification associated with transcriptionally active
chromatin. H3K9ac localizes in the autosomes and is excluded
from the XY body during the mid-late pachytene stage [44].
As expected, H3K9ac localizes in the autosomes of both
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Figure 2. Defective synapsis in UHRF1-deficient pachytene spermatocytes. (A-D) Chromosome spread from control and Uhrf1 cKO pachytene
spermatocytes immunostained by SYCP1 (green) and SYCP3 (red) antibodies. SYCP1 and SYCP3 mark central and lateral elements of the synaptonemal
complex, respectively. The right panels are the schematic diagram for the different types of defects in sex chromosomes and autosome synapsis. (A)
Normal synapsis was characterized by co-localization of SYCP1 and SYCP3 at all autosomes except sex chromosomes. Arrowheads indicate the sex
chromosomes. (B) XY PAR unsynapsis defect was characterized by unpaired X and Y chromosomes. Yellow and white asterisks indicate unpaired X and
Y chromosomes, separately. (C) SYCP1 mislocalization defect was characterized by SYCP1 aberrantly localized in the nonhomologous X and Y axes.
Arrowheads indicate X and Y chromosomes. (D) Autosome unsynapsis defect was characterized by SYCP1 signals lost on partial autosomes. Scale bar:
10 um. (E) Histogram showing the quantitative analysis of the UHRF1-deficient spermatocytes with aberrant XY chromosomes or autosomes synapsis.

*P <0.05; **P <0.01; ***P <0.001.

control and Ubrfl cKO pachytene spermatocytes. Surpris-
ingly, H3K9Ac was also detectable in the sex chromosomes
of Ubrfl cKO pachytene spermatocytes (Figure 4A and B).
Quantitative analysis revealed that pachytene spermatocytes

with H3K9Ac signal enriched on the sex chromosomes
significantly increased in Ubrfl cKO testes compared to
controls (Figure 4C: ~65.4% versus ~10.9%). Similarly,
RNA polymerase II (Pol-II) was largely excluded from

220z ludy O uo Jasn wisyuayoH INIM Aq 220.+59/#G0001/84[010/€60 |0 L /10P/a]o1E-80UBAPE/POId1|0Iq/UW00" dNO"OIWLBPEDE//:SARY WOy POPEOJUMOQ



8 The role of UHRF1 in sex chromosome silencing, 2022

Uhrf1 cKO

Control

SYCP3

MERGE

100 === Control (n=120) 25

g i === Uhrf1 cKO (n=150) -

()

c

>. L

<

(S}

|

o

[T

ol

X

0 0
XY body only Asynapsed autosome(s) Synapsed autosome(s) Synapsed autosome(s)
(outside XY body) (in XY body)
Mislocalized YH2AX

Figure 3. The localization of yH2AX on the XY body was disturbed in UHRF1-deficient pachytene spermatocytes. (A-D) Co-immunostaining of yH2AX
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inside XY body, and an asterisk indicates the sex chromosome. The bottom panels in (A-D) are the quantitative analysis of the three types of y H2AX
signal distribution at the pachytene stage, respectively. *P <0.05; **P < 0.01; ***P < 0.001. Scale bars: 10 xm.

the sex chromosomes in control pachytene spermatocytes,  with Pol-II signal enriched on the sex chromosomes signifi-
but showed an intense signal on the sex chromosomes cantly increased in Ubrf1 cKO testes compared to controls
of Ubrfl cKO pachytene spermatocytes (Figure 4D and E). (Figure 4F: ~67.6% versus ~11.8%). Collectively, these
Population analysis showed that the pachytene spermatocytes results suggest that UHRF1 is required for establishing MSCI.
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To further determine the role of UHRF1 in the transcrip-
tional repression of XY-linked gene expression, we analyzed
recently published RNA-Seq data of isolated spermatocytes
(leptotene/zygotene and pachytene) from Stra8-Cre; Ubrf1//~
and control mice by Pan et al. [27]. Interestingly, the average
gene expression levels were decreased in both autosomes
and sex chromosomes in Uhrfl ¢cKO leptonema/zygonema
(Supplementary Figure S5A), whereas the XY-linked genes
were de-repressed and upregulated in Ubrf1 cKO pachynema
compared to controls (Supplementary Figure S5B). We then
calculated the expression levels between the pachytene and
leptotene/zygotene stages. As expected, the average expression
levels of XY-linked genes in Uhrf1 cKO pachytene were specif-
ically upregulated compared to controls (Figure 4G). In addi-
tion, an elevation of median XY-linked gene expression was
not observed in our published Ubrf1 cKO MII oocytes RNA-
seq datasets [30], suggesting that it was a pachytene-specific
feature. (Supplementary Figure S5C). We next validated RNA-
seq transcriptome profiles by RT-qPCR using RNA isolated

from control and Ubrf1 cKO testes at 18.5 dpp, when MSCI
was already established (Figure 4H). Notably, the expression
levels of these XY-linked genes remained unchanged in Ubrf1
cKO testes at 12.5 dpp which time point is the most advanced
germ cell types are zygonema (Supplementary Figure S5D).
Together, these data indicate that UHRF1 is essential for
the repression of XY-linked gene expression in pachytene
spermatocytes.

UHRF1 associates with DDR pathway and is
required for epigenetic remodeling of the sex
chromosomes

Mechanistically, the DDR pathway is essential for the
establishment of MSCI [45]. BRCA1 is located on the XY
axes and acts as a meiotic silencing sensor in response to
the asynapsis at the beginning of the pachytene stage, after
which various DDR factors such as TOPBP1 and ATR were
recruited and amplified along the axes to mediate genetic
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inactivation (Figure SA). It has been reported that UHRF1
is associated with the DDR pathway during DSB repair in
somatic cells [46]; however, whether UHRF1 is involved in the
DDR pathway-mediated MSCI in male meiosis is unknown.
To determine whether UHRF1 is related to the DDR pathway
during MSCI, we first examined the localization of BRCA1
and ATR in control and Ubrf1 cKO pachytene spermatocytes.
Surprisingly, although the localization of BRCA1 was
unchanged in Ubrf1 cKO pachytene spermatocytes compared
to that in controls (Figure 5D), the localization of ATR on the
XY axes was seriously affected in all Ubrf1 cKO pachytene
spermatocytes. In normal male meiosis, ATR first accumulates
on the XY axes at the early pachytene stage of spermatocytes
and then spreads onto the chromatin loops. In contrast,
ATR signals were undetectable on the XY axes in Ubrfl
cKO early pachytene spermatocytes (Figure 5B). In addition,
ATR signals failed to spread onto the chromosome-wide
domain, and only a few residual ATR signals accumulated
on the partial XY axes during the mid-to-late pachytene stage
(Figure 5B). Phospho-5428 ATR (p-ATR), an active form of
ATR, showed a similar staining pattern to ATR, with staining
failing to diffuse into the XY chromatin (Figure 5C). We
also observed the retained p-ATR signals on autosomes in
Ubrf1 cKO pachytene spermatocytes (Supplementary Figure
S6A). We then tested the localization of two ATR cofactors,
ATRIP and TOPBP1, to the XY axes [47]. Interestingly, the
XY localization of ATRIP and TOPBP1 occurred normally in
Ubrf1 cKO pachytene spermatocytes (Figure SE and F). These
data indicate that UHRF1 is important for the recruitment of
ATR to sex chromosomes.

Given that FANCD2 is a sex chromosome-associated factor
that regulates the histone modification of sex chromosomes
during male meiosis [48] and could be recruited by UHRF1
during DDR in somatic cells [49], we next examined the
impact of UHRF1 deletion on the recruitment of FANCD2
on the XY axes. The results showed that in control pachytene
spermatocytes, FANCD?2 signals were removed from auto-
somes and accumulated on the XY axes. However, in Ubrf1
cKO pachytene spermatocytes, the sequestration of FANCD2
signals from autosomes to the XY axes was impaired, exhibit-
ing ectopic signals on autosomes (Figure 5G), suggesting that
FANCD?2 could not be recruited appropriately to the sex chro-
mosomes upon UHRF1 depletion in pachytene spermatocytes.
Further, western blot quantitative analysis of these associated
silencing factors revealed that ATR exhibited a significant
decrease and FANCD?2 appeared to decrease, but not signifi-
cantly in Ubrf1 cKO testes at 18.5 dpp (Figure SH and I). In
addition, we observed that the ATR level was not impaired
in Ubrf1 cKO testes at 8.5dpp, a time point before meiosis
(Supplementary Figure S6B).

Since the XY axes localization of ATR and FANCD?2 is
disturbed upon UHRF1 depletion, we postulate that UHRF1
plays an essential role in DDR protein regulation in MSCI. As
expected, the co-immunoprecipitation analysis demonstrated
that full-length UHRF1 could pull down endogenous BRCA1
in wild-type testes at 18.5 dpp (Figure 6A and B). Although
our data showed that UHRF1 could not directly interact
with ATR or FANCD2, recent studies have provided evidence
that BRCA1 regulates the XY axis localization of ATR and
FANCD?2 [48]. We further mapped the sites of interaction
between UHRF1 and BRCA1 by co-immunoprecipitation in
HEK293T cells co-expressing a series of tagged truncation
constructs of UHRF1 with BRCA1 and found that the PHD
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domain could interact with BRCA1 (Figure 6C). Altogether,
we concluded that UHRF1 cooperates with BRCA1 and facil-
itates the recruitment of DDR factors onto sex chromosomes
to establish MSCI at the pachytene stage (Figure 6D).

Discussion

Itis clear that UHRF1 is essential for male meiosis and fertility,
as conditional ablation of UbrfI in the male germline leads
to pachytene spermatocyte arrest. However, the mechanisms
by which UHRF1 regulates meiosis remain unclear. Based on
previous studies, UHRF1 is a key epigenetic regulator that
regulates the DNA methylation as well as transposable ele-
ment (TE) repression during spermatogenesis [25, 26]. Takada
et al. reported that the role of UHRF1 in maintaining DNA
methylation in spermatogonia is responsible for homologous
synapsis defects during meiosis [26]. However, these homol-
ogy synapsis defect-induced MUSC responses cannot perfectly
explain the elimination of mid-pachytene spermatocytes with
aberrant X-Y synapsis. It is possible that the activation of
transposons might contribute to the defective meiotic pheno-
type in Ubrfl cKO, as we previously observed that LINE1
was activated in mutant zygotene/pachytene spermatocytes
[25]. However, the LINE1 activation at these stages is insuf-
ficient to cause meiotic arrest at the pachytene stage because
many piRNA pathway-associated gene knockout mice exhibit
LINE1 activation during the zygotene to pachytene stage and
can still pass the meiosis but arrest at the spermiogenesis, such
as TDRDS [50] and PNLDC1 [51]. In addition, the DNA
demethylation-induced activation of transposons in Ubrfl
cKO is modest and may only play a minor role in meiotic
defects according to previous published studies [26, 52]. Thus,
we expect that TE expression may play a minor role in the
meiotic defects. In this study, we showed that UHRF1 is
required for both autosome and XY chromosome synapsis,
sex body formation, and XY-linked gene silencing. We further
revealed that UHRF1 interacts with the BRCA1, a critical fac-
tor that recruits DDR factors to sex chromosomes and drives
meiotic silencing. Defective MSCI could be responsible for the
elimination of mid-pachytene spermatocytes in Ubrf1 cKO
males and trigger meiotic checkpoints at the mid-pachytene
stage.

One of the critical findings of this study was the defective
synapsis in Ubrf1 cKO spermatocytes. Interestingly, this phe-
notype was observed in both the autosomes and sex chro-
mosomes. Previous studies have demonstrated that meiotic
silencing is triggered on the unsynapsed chromosomes, termed
MSUC [53]. Typically, this mechanism properly silences most
of the genes on nonhomologous X-Y chromosomes in male
meiosis. The unsynapsis of the PAR phenotype we observed
in the current study is a typical phenotype in which, like in
other meiotic mutants [34, 38, 54, 55], a relatively short length
of the X-Y PAR may contribute to this synapsis defect that
occurs frequently. It is noteworthy that the PAR phenotype
is unlikely to effectively lead to the failure of MSCI but
could cause segregation defects and thus induce apoptosis
at the anaphase I stage [56-58]. Therefore, we propose that
the PAR phenotype may not account for the elimination of
pachytene spermatocytes in our Ubrfl ¢cKO mouse model.
In contrast to PAR unsynapsis, MSUC induced by exten-
sive meiotic asynapsis in autosomes is harmful, activating
the asynapsis checkpoint and inducing apoptosis during the
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regulates the recruitment of DDR factors during the establishment of MSCI.

pachytene stage [5, 59]. Consistent with our previous study
[25], we observed the defective H3K9me3 modification at
the leptotene and zygotene stages of Uhrfl cKO sperma-
tocytes in the current study. Considering the critical role
of UHRF1 in DNA methylation, we proposed that UHRF1
may influence synapsis by regulating histone modification at
pericentromeric heterochromatin in early meiotic prophase.
Several studies have indicated that the defective H3K9 methy-
lation at centromeric regions leads to autosome unsynapsis
in meiotic mutations, such as Setdb1, Suv39h1, and Suv39h2
[38, 60, 61]. Interestingly, a recent study provided evidence
that UHRF1 and DNMT1 are required to maintain DNA
methylation established in pre-meiotic spermatogonia, which
is essential for pairing homologous chromosomes in the early
stages of meiotic prophase [26].

The initiation of meiotic silencing on unsynapsed chro-
mosomes requires DDR factors, such as yH2AX which is a
key factor in MSCI. Remarkably, we observed that a large
proportion of Ubrf1 cKO pachytene spermatocytes exhibited

retained y H2AX signals on autosomes and the ectopic reten-
tion of yH2AX signals appeared on both synapsed and asy-
napsed autosomes of Ubrf1 cKO pachytene spermatocytes. In
addition, we and Pan et al. previously used yH2AX as a DSB
marker to study the DSB repair defects in Ubrf1 ¢cKO mice
[25, 27]. Notably, yH2AX is also a marker of unsynapsed
chromosomes; unsynapsed induced H2AX phosphorylation
is catalyzed by the DDR factor ATR. In the current study,
we carefully analyzed the abnormal localization of yH2AX
at the pachytene stage to mark the unsynapsed autosomes
and XY body, which did not overlap with the previous work.
Our data suggest that autosomal p-ATR retention is likely
to contribute to H2AX phosphorylation on autosomes in
Ubrfl cKO spermatocytes. A new model of MSCI generated
in a recent study proposed that the DDR factors physi-
cally sequestered from autosomes to the sex chromosomes
at the onset of MSCI during the early pachytene stage is a
checkpoint of meiosis progression [42]. Alternatively, previous
studies have revealed that the retention of DDR signals on
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autosomes is largely independent of DSB repair [62-63].
In light of our results, this model may explain the mas-
sive loss of mid- to late-pachytene spermatocytes in Ubrf1
cKO males.

Normally, the XY body formation process is critical for
MSCI, during which a physically isolated and bounded com-
partment is formed in the pachytene nucleus [65-67]. Sev-
eral studies have shown that the meiotic deletion of MSCI-
associated factors leads to the failure of XY body forma-
tion [7, 16, 54, 68]. In the current study, we first identified
that UHRF1 participates in proper XY body formation. The
ectopic localization of autosomes on sex bodies is likely a
consequence of improper sex body formation. It has been
demonstrated that the amounts of DDR factors in normal
pachytene spermatocytes are fixed [5]; thus, we speculate that
there may exist a threshold for DDR factors on XY axes to
ensure the formation of the sex body, and excessive consump-
tion of DDR factors on autosomes leads to defective XY body
formation. Furthermore, the failure of sex body formation
leads to MSCI failure and derepression of XY-linked genes,
which is proposed to be deleterious for pachytene sperma-
tocytes [69-71]. However, another view is that derepression
of sex-linked genes is unlikely sufficient to induce pachytene
arrest [72]. Thus, further investigation is necessary to elucidate
the mechanism.

How does UHRF1 regulates MSCI, or whether UHRF1
has a direct role in the MSCI regulation remains to be fur-
ther determined. It is noteworthy that we detected a direct
endogenous interaction between UHRF1 and BRCA1, one of
the earliest DDR factors in MSCI initiation. Although the
Ubrf1l ¢cKO mice exhibited normal accumulation of BRCA1,
it is possible that UHRF1 plays a critical role downstream
of BRCA1. This hypothesis is supported by previous studies
showing that UHRF1 is recruited to DSB sites by BRCA1
in somatic cells [21]. Our data also revealed that UHRF1
deficiency led to incomplete recruitment of DDR factors on
the sex chromosomes, such as ATR and FANCD?2. In addi-
tion, ATR signals failed to diffuse from the axial elements
to the XY chromatin in the absence of UHRF1. Normally,
ATR is required for the proper H2AX phosphorylation on
sex chromosomes [16], while recent studies have provided
evidence that ATR diffusion into XY chromatin is not essen-
tial for H2AX phosphorylation [47, 73], which is consistent
with our observations in this study. Intriguingly, ATR was
demonstrated to regulate FANCD2 monoubiquitination and
FANCD?2 foci formation in somatic cells [74]. Thus, the
defective localization of ATR in Ubrf1 cKO spermatocytes
may contribute to the failure of FANCD2 signal amplification
on the sex chromosome. It is clear that BRCA1 is required for
the recruitment of ATR on the sex chromosomes; therefore,
we proposed a potential role of UHRF1 in facilitating this
BRCA1-dependent manner.

In summary, our current findings suggest a novel role of
UHRF1 in the regulation of the DDR pathway and meiotic
silencing in mammalian spermatogenesis. Meiotic mutation
of Uhbrfl leads to the activation of the MSCI checkpoint,
which triggers complete meiotic arrest and cell elimination.
In comparison to the previous published researches, new
information provided by the current study reveals a novel
role of UHRF1 in male meiosis, which will help us better
understand the phenotypes caused by UHRF1 deletion in male
germ cells.
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