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Abstract

Nucleolus is disassembled when the nuclear envelope breaks down during mitosis
prophase. However, the dynamics of nucleolus in meiotic prophase remain unclear.
Here, by tracking nucleolar components, we show that nucleolus is fragmented even
before the breakdown of the nuclear envelope. Instead of dissolving in nucleoplasm or
cytoplasm, the nucleolar components are reaggregated and fuse with the XY body
during the prophase I of meiosis. The dynamic relocation of the nucleolar components
to the XY body is governed by the ATR-dependent signaling pathway. Moreover, the
relocated pre-rRNA covers the entire X and Y chromosomes. The treatment with RNA
polymerase I inhibitor BMH-21 only disrupts the accumulation of pre-ribosomal RNA
(pre-TRNA) but not other nucleolar components on the X and Y chromosomes.
Surprisingly, this disruption of pre-rRNA induces the recruitment of RNA polymerase
I to the XY body and partially abolishes meiotic sex chromosome inactivation (MSCI).

Taken together, this study reveals pre-rRNA as a key epigenetic regulator for MSCI.
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Significance statement

Both nucleolus and the XY body are nuclear membraneless condensates. In this study,
we show that nucleoli fuse with the XY body during the prophase I of meiosis in the
male germ cells, providing the evidence that two different nuclear bodies fuse together
in a dynamic process. Moreover, associated with the fusion, pre-rRNA relocates onto
the X and Y chromosomes, acting as non-coding RNA to occupy gene regions and
represses gene transcription in the sex chromosomes. Thus, this study reveals that the
products from RNA polymerase I-meditated transcription repress RNA polymerase II-

meditated gene transcription.
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Introduction

The nucleolus is a nuclear membraneless organelle serving as the hub for ribosomal
RNA (rRNA) transcription, processing, and ribosome assembly!™. Structurally, the
nucleolus exhibits a tripartite architecture comprising the fibrillar center (FC), the dense
fibrillar component (DFC), and the granular component (GC)®®. FC is the innermost
layer where RNA polymerase I (pol 1) mediates pre-rRNA transcription. DFC is the
middle layer where the newly synthesized pre-rRNA is modified and processed. GC is
the outer layer where the ribosomal protein subunits are integrated into rRNA to form
the small and large ribosomal subunit precursors (pre-60S and pre-40S)°!!. These
precursors are eventually shipped to cytoplasm to assemble mature ribosomes for
protein translation.

The nucleolus continues generating pre-ribosomal particles during the interphase'2.
However, during mitosis, the nucleolus is disassembled, and ribosomal biogenesis is
halted. When nuclear envelope breaks down during mitotic prophase, nucleolus is
fragmented and dissolved'*'°. Early studies show that residual transcription machinery
and pre-rRNA were kept at rDNA loci during mitosis, and nucleolus is reformed upon
nuclear envelope assembly!#. Recently, with advanced microscopy, we and others have
revealed that nucleolar components, including pre-rRNA, cover condensed
chromosomes during mitosis to avoid the clustering of the condensed chromosomes
before segregation!®!”.

Different from mitosis, meiosis has an extended prophase I before the first round
of cell division, especially for male germ cells'®!°. The prolonged prophase I in male
germ cells can be further divided into five stages, namely leptotene, zygotene,
pachytene, diplotene, and diakinesis, during which homologous chromosomes are

aligned together and associated with the synaptonemal complex (SC)?®%. SPOI1, a
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topoisomerase-like enzyme, generates DNA double-strand breaks (DSBs) on
homologous chromosomes to initiate meiotic recombination®*2’. And these DSBs are
ultimately repaired by homologous recombination repair machinery during meiotic
prophase 12530,

However, the male germ cells have two different sex chromosomes, the X and Y
chromosomes. These two chromosomes share homology only at the subtelomeric
region, thus forming synapses only in the subtelomeric region®!*. Interestingly, these
two sex chromosomes are conjugated together, forming the XY body, a membraneless
nuclear body from pachytene to diplotene®>*. While RNA polymerase 1I (pol II)-
mediated gene transcription is activated on autosomes during meiotic prophase I, gene
transcription is silenced in the XY body, known as meiotic sex chromosome
inactivation (MSCI)*’"-°. Consistently, pol I is specifically excluded from the XY body,
although the underlying mechanism remains elusive*®®. Moreover, due to lacking
homologous templates, the repair of SPO11-mediated DSBs is prolonged in the XY
body. And numerous DNA damage response factors are enriched in the XY body*!*2,
A typical example is the ATR-dependent phosphorylation of histone H2AX (aka
yH2AX), also acting as the surrogate marker for the XY body**’.

In this study, we tracked the dynamic changes of nucleolus in meiotic prophase |

and found that nucleolus was fused with the XY body. Pre-rRNA covers on the X and

Y chromosomes and mediates MSCI.
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Results

Nucleolus disassembles in the pre-leptotene spermatocytes

To investigate the dynamic regulation of nucleolus in meiotic prophase of male germ
cells, we tracked the localization of pre-rRNA, the major component in the nucleolus*®.
First, we examined the transition from the c-Kit-positive differentiating spermatogonia
to pre-leptotene spermatocytes, which represents the transition from the final interphase
to meiotic prophase 1. Using fluorescence in situ hybridization (FISH)*’, we observed
that pre-rRNA clearly formed condensates in the c-Kit-positive differentiating
spermatogonia, suggesting that nucleoli are intact in the final interphase prior to meiosis
(Figure 1A). However, in pre-leptotene, pre-rRNA became diffused in the nucleoplasm
and was occasionally observed in discrete granules, suggesting that nucleoli start
disassembly upon entry into pre-leptotene (Figure 1A).

Since nucleolus has three different layers, we examined the integrity of FC, DFC,
and GC with different biomarkers including POLR1E for FC, FBL for DFC, and NPM1
for GC*°. Consistently, all three compartments exhibited widespread dispersion
throughout the nucleoplasm in the pre-leptotene spermatocytes (Figure 1B, Figure S1).
Of note, compared to FC and DFC, pre-rRNA and GC diffused into a larger area (Figure
1A and 1B, Figure S1), indicating that pre-rRNA may largely associate with GC
components during the nucleolar disassembly.

To further explore the nucleolus disassembly, we performed 5-ethynyl uridine (5-
EU) incorporation assays. As 80-90 % nascent RNA is pre-rRNA, transient
incorporation of 5-EU mainly labels pre-rRNA*-152 Ag expected, 5-EU was
incorporated into pre-rRNA in nucleoli of c-Kit-positive spermatogonia (Figure 1C). In
sharp contrast, 5-EU incorporation into pre-rRNA was largely suppressed in pre-

leptotene spermatocytes (Figure 1C), suggesting that pol I-mediated pre-rRNA
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transcription is arrested when nucleoli start disassembly. Collectively, the nucleolus
loses the tripartite architecture and the capability to synthesize pre-rRNA in the pre-

leptotene spermatocytes (Figure 1D).

Nucleolar components dynamically fuse with the XY body

Next, we isolated spermatogenic cells from leptotene to diplotene using fluorescence-
activated cell sorting (FACS)**»>, and analyzed the dynamic reorganization of nucleolar
components in meiotic prophase I. At the leptotene stage, pre-rRNA and NPMI
appeared in many dispersed granules with different sizes, which began to coalesce as
cells progressed into zygotene (Fig. 2A and 2B). Upon entry into pachytene, coinciding
with the formation of the XY body, we observed a striking spatial reorganization as
both pre-rRNA and NPM1 were progressively recruited towards and subsequently
sequestered in the XY body (Figure 2A and 2B). Quantitative analysis of signal
intensity of pre-rRNA and NPM1 reveals a gradual accumulation of both components
in the XY body from early pachytene to diplotene (Figure 2A and 2B). By late
pachytene, pre-rRNA and NPM1 fully localized in the XY body (Figure 2A and 2B).

Moreover, ChIRP-seq analyses of pre-rRNA and CUT & Tag-seq analyses of NPM1

show that the enrichment of pre-rRNA and NPM1 was strictly confined to the X and Y
chromosomes, but not on autosomes (Figure 2C). In addition, other nucleolar
components, such as POLRIE and FBL, showed similar dynamic relocation to the XY
body during prophase I (Figure S2). Collectively, following nucleolar disassembly, the
nucleolar components are reaggregated and fused into the XY body during meiotic
prophase I (Figure S3).

Moreover, different from nucleolar disassembly in mitotic prophase, the fusion of

nucleolus and the XY body occurs when the nuclear envelope remains structurally
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intact throughout the pachytene stage (Figure S4A). In addition, we examined and
found that the rDNA loci remained spatially distinct and were not overlapped with the
XY body (Figure S4B), further confirming that nucleolus organizing regions (NORs)
are disassembled, and the nucleolar components are disassociated from the rDNA loci

and fused with the XY body.

ATR-mediated DNA damage response signaling drives the sequestration of
nucleolar components to the XY body.

During the meiotic prophase I, the delayed repair of programmed DSBs on the
unsynapsed X and Y chromosomes triggers a localized DNA damage response, which
is mediated by ATR-dependent YH2AX> | also acting as a surrogate marker of the
XY body. Here, we examined whether the recruitment of nucleolar components to the
XY body is dependent on DNA damage response. We isolated pachytene spermatocytes
and treated them with the specific ATR inhibitor AZ20 for 24 hours to ablate DDR®°
(Figure 3A). While YH2AX was abolished in response to the ATR inhibitor treatment,
HR repair factors including RADS51 and BRCA1 localized at the unsynapsed region of
the X and Y chromosomes (Figure S5A). Moreover, we did not observe obvious
changes on the morphology of the XY body (Figure S5A). Interestingly, we found that
along with the disruption of YH2AX, both pre-rRNA and NPM1 were released from the
XY body (Figure 3A and 3B). YH2AX started to be enriched at the unsynapsed region
of the X and Y chromosomes one hour after the ATR inhibitor was washed away, and
its localization in the XY body was fully recovered four hours after the treatment was
removed. Again, the localization of both pre-rRNA and NPM1 was restored along with
the recovery of YH2AX (Figure 3A and 3B), suggesting that the fusion of nucleolar

components with the XY body is dependent on the DNA damage response signals.
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It has been shown that genetically knocking out the H2ax gene abolished the
formation of the XY body as well as the synapsis between these two sex chromosomes.
However, both RAD51 and BRCAI remained on the elongated X chromosome in
pachytene (Figure S5C and S5D), suggesting that SPO11 still mediates DSBs on the X
chromosome even in the absence of H2AX. However, neither pre-rRNA nor NPM1
existed on the X and Y chromosomes (Figure 3C). Thus, these results suggest that DSBs
pe se are not important for the recruitment of the nucleolar components to the XY body.
Instead, it is the DNA damage response signals mediating the recruitment of the

nucleolar components.

Pre-rRNA mediates MSCI
Since nucleolar components cover the transcriptionally silenced sex chromosomes, we
wonder if nucleolar components may contribute to MSCI. To test this hypothesis, we
treated spermatocytes with pol I inhibitor BMH-21°'. BMH-21 recognizes GC-rich
sequences not only to block pol I binding to the promoter regions of rDNA but also to
remove pre-rRNA from chromatin. Thus, BMH-21 treatment quickly released pre-
rRNA from the XY body without affecting spermatocyte viability (Figure S6A-S6C).
However, the transient treatment did not affect the localization of NPM1 in the XY
body (Figure S7A), suggesting that rRNA species and nucleolar proteins may recognize
different binding partners in the XY body. Moreover, exposure to 2.5 pM BMH-21 for
12 hours affected neither YH2AX in the XY body (Figure S7B), allowing us to assess
the specific consequence of loss of pre-rRNA in transcription regulation on the sex
chromosomes.

We then monitored transcriptional activity in the XY body using 5-EU labeling. In

control pachytene spermatocytes, the XY body is devoid of nascent RNA because of
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MSCI (Figure 4A). Strikingly, upon exclusion of pre-rRNA from the XY body by
BMH-21, we observed the accumulation of 5-EU-labeled nascent RNA species in the
XY body, indicating a failure of MSCI (Figure 4A). To quantitatively examine the
transcriptional reactivation, we isolated spermatocytes at the pachytene stage and
treated the cells with BMH-21 (Figure 4B). We found that the overall gene expression
on the X and Y chromosomes was significantly higher than that on autosomes (Figure
4B). Detailed transcriptomic profiling reveals that 237 X-linked genes and 9 Y-linked

genes were significantly upregulated ( = 2-fold change, Pagi< 0.05) (Figure 4C),

confirming the specific transcription regulation by pre-rRNA. Moreover, we randomly
selected representative X-linked genes (Pabir2, Dmd, XIr, Ccnb3) and Y-linked genes
(Uty, Usp9y, Zfy2), and performed gene-specific qPCR to validate the RNA-sequencing
results (Figure 4D).

Because MSCI failure causes complete arrest and elimination of male germ cells
at the pachytene stage of meiotic prophase I’’, we next tested whether pre-rRNA
inhibition could phenocopy this defect in vivo. To disrupt pre-rRNA localization within
the XY body, BMH-21 was delivered to spermatocytes by rete testis microinjection in
8-week-old male mice (Figure S8A). One week after injection, BMH-21-treated testes
were markedly atrophic (Figure S8B). Loss of round spermatid and PNA-positive cells
indicated that BMH-21 treatment may cause defects at or before meiosis (Figure S8C
and 8D). The presence of only a few pachytene spermatocytes further suggested that
spermatocytes might be eliminated at or after the pachytene stage (Figure S8C and 8D).
These results indicate that proper pre-rRNA localization within the XY body is required
for meiosis.

Taken together, these results demonstrate that pre-rRNA is indispensable for

maintaining MSCI in the XY body.

10
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Pre-rRNA mediates the exclusion of RNA Polymerase II from the XY body

Under normal physiological conditions, the execution of MSCI requires the rigorous
exclusion of RNA Polymerase II (Pol II) from the XY chromatin territory®®®2. Given
the specific accumulation of pre-rRNA within this silent compartment, we hypothesized
that pre-rRNA might play a role in restricting Pol II access. To test the hypothesis, we
depleted pre-rRNA using BMH-21 and monitored Pol II localization. Strikingly, upon
loss of pre-rRNA, we observed the relocation of Pol II in the XY body (Figure 5A).
These results imply that the presence of pre-rRNA is essential to enforce the exclusion
of Pol II from the sex chromosomes.

To substantiate the aforementioned spatial antagonism at the genomic level, we
performed correlative ChIRP-seq (for pre-rRNA) and CUT&Tag (for Pol II) (Figure
5B). The sequencing data reveal a robust inverse correlation between pre-rRNA
occupancy and Pol II binding. Specifically, BMH-21 treatment caused a marked
reduction of pre-rRNA on the sex chromosomes, which was mirrored by a concomitant
increase in Pol I occupancy across the XY chromatin (Figure 5B). Genome-wide peak
analyses further confirm that pre-rRNA occupancy in the XY body coincides with the
transcriptional suppression of Pol II targets (Figure 5C). Conversely, the depletion of
pre-rRNA led to Pol II recruitment at specific loci of MSCI, such as Dmd, Ccnb3, and
Zic3 (Figure 5D). Collectively, these results suggest that pre-rRNA functions as a
critical spatial regulator that physically excludes Pol II from the XY chromatin, thereby

maintaining the transcriptional silencing of the sex chromosomes in meiotic prophase.

Pre-rRNA enforces a repressive chromatin state in the XY body

11
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Long noncoding RNAs (IncRNAs) are emerging as key architects of chromatin
organization that modulate transcriptional outputs®*~%. Given the accumulation of pre-
rRNA in the XY body, we asked whether the pre-rRNA regulates the accessibility of
sex chromosomes to maintain MSCI. To verify this hypothesis, we assessed genome-
wide chromatin accessibility changes upon pre-rRNA depletion. Pachytene
spermatocytes were isolated and subjected to ATAC-seq (Figure 6A). Compared to the
autosomes, the mean chromatin accessibility of the X chromosome (with 1.61-fold) and
the Y chromosome (with 1.53-fold) was increased in response to the BMH-21 treatment
(Figure 6A). The metagene and heatmap analyses demonstrate that BMH-21-induced
expansion of open chromatin specifically across the sex chromosomes (Figure 6B and
6C). According to the peak calling, we found 1020 genes on the sex chromosomes that
exhibited significantly gained accessibility (Figure 6D). To link this structural
relaxation directly to pre-rRNA occupancy, we integrated these ATAC-seq data with
our ChIRP-seq profiles. Notably, we found a high degree of overlap on 397 of these
genes (84.47% of the analyzed subset) corresponding to genomic regions that lost pre-
rRNA occupancy upon BMH-21 treatment (Figure 6E). Collectively, these results
indicate that pre-rRNA limits chromatin accessibility of the XY chromatin, acting as a

molecular barrier to maintain MSCI (Figure 6F).

12
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Discussion

In this study, we have shown that nucleolus is disassembled in pre-leptotene. The
nucleolar components are reaggregated in leptotene/zygotene and fuse with the XY
body in pachytene/diplotene. This dynamic regulation of nucleolus is unique in meiotic
prophase 1. In mitosis prophase, nucleolus disassembly is associated with nuclear
envelope breakdown. However, from pre-leptotene to diplotene, nuclear envelope is
intact, suggesting that special signals associate with homologous chromosome packing
and alignment may induce nucleolus disassembly in meiotic prophase I.

A more striking observation is that nucleolar components are reaggregated and
fuse into the XY body. Like nucleolus, the XY body is a membraneless nuclear body>’.
Here, we have shown that two different types nuclear bodies fused together.
Homogeneous fusion of liquid-liquid phase separation is commonly observed along
with the increased level of condensate materials®. However, heterogenous condensates
fusion is rare to be observed. Currently, the underlying mechanism driving the fusion
of nucleolus and the XY body remains elusive. Nevertheless, we have shown that the
fusion is dependent on the ATR-mediated signals as ATR inhibitor treatment abolishes
the retention of pre-rRNA and NPM1 in the XY body. Moreover, pre-TRNA and NPM1
relocate back to the XY body following removal of ATR inhibitor. Our earlier studies
have shown that MDC1, a functional and binding partner of YH2AX in DNA damage
response, recognizes pre-rRNA®. It is likely that MDC1 targets pre-rRNA to the XY
body. However, pre-rRNA can also be released by the treatment of BMH-21, a G/C rich
sequence binder, suggesting that once pre-rRNA enters into the XY body, it is
associated with genomic DNA. Thus, it is possible that following the recruitment by
MDCI1, pre-rRNA expends onto the chromatin, which mimics the expansion of XIST

on chromatin during the X chromosome inactivation.

13
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In fact, similar to the role of XIST in transcription repression®’ %, pre-rRNA
silences gene transcription in the XY body by repelling pol II. Based on our observation,
we propose that pre-rRNA physically occupies the XY chromatin and blocks the pol 11
assessment to gene elements. Thus, pre-rRNA-mediated gene silencing may share the
similar mechanism conducted by XIST during the X chromosome inactivation.

Pre-rRNA is the raw material to be processed into mature rRNA for ribosome
assembly’®. Here, we show the evidence that pre-rRNA has been repurposed for gene
silencing as non-coding RNA during meiotic prophase I. Moreover, our earlier study
reveals that pre-rRNA may participate in HR repair for DSBs in the XY body*. Thus,
the collective evidence suggests the multiple roles of pre-rRNA during different
biological processes.

In addition to pre-rRNA, other nucleolar components, including protein
components, are also fused into the XY body. Such relocations are also mediated by the
ATR-dependent signaling pathway. Like pre-rRNA, these protein components, such as
NPM1, are also enriched on the chromatin. However, BMH-21 treatment did not release
NPMI1 from the XY body, suggesting that once NPMI1 enters the XY body, it may
recognize specific partners. The biological functions of these nucleolar proteins in the
XY body need to be examined in future. Of note, FBL, a methyltransferase catalyzing
2’-O-methylation on pre-rRNAS, is specifically enriched on the unsynapsed axis of the
X and Y chromosome, where SPO11-mediated DSBs occur. Thus, it is possible that
these nucleolar proteins may be involved in meiosis-related events in the XY body, such
as meiotic DSB repair. And we do not exclude the possibility that these nucleolar
proteins also participate in MSCI.

In our study, we also notice that loss of YH2AX in the XY body by the ATR

inhibitor treatment does not abolish the structure of the XY body. However, the XY

14
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body cannot form in the H2ax gene knock-out mice. It is possible that YH2AX mediates
the priming of the XY body formation. Once the XY body is established, gH2AX is
indispensable for the structural integrity of the XY body’!. Similarly, the
YH2AX/MDC1 mediates the recruitment of pre-rRNA to the XY body. Once pre-rRNA
gets into the XY body, it starts to expand onto the chromatin. However, we currently
cannot exclude that the structural role other than the phosphorylation on Ser139 of
H2AX is important for the XY body formation.

In conclusion, this study delineates an unexpected link between nucleolus and the
XY body, two different nuclear bodies. We propose that the programmed disassembly
of the nucleolus and the subsequent repurposing of pre-rRNA maintain the epigenetic

silence of the X and Y chromosomes in meiotic prophase I.

15
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Materials and methods

Mice

All mice experiments were permitted by Westlake University Animal Care and Use
Committee and were performed according to the approved protocol. For all experiments,
C57BL/6J mice were used, except where otherwise specified. Wild-type mice were
obtained from Westlake University Animal Center. H24X"~ mice were gifted from
Linyu Lu (Zhejiang University). To generate gene knockout mice, heterozygous mating
produces offspring. Spermatocytes were obtained from 3 to 4-week-old mice. All mice
were housed in specific-pathogen-free conditions at ~22 °C with a humidity range of

40%—70% and a 12-hour light/dark cycle.

Collection and culture of spermatocytes

Previously established method for short-term culture were performed (Hironori Abe et
al., 2022). Briefly, testes were collected from 3 to 4-week-old C57BL/6J mice. Then
the tunica albuginea was removed. The decapsulated testes were minced with a micro-
dissecting scissor. Transferred them into 2mL of Minimum Essential Medium alpha
(Gibco, 12000-022) and incubated for 15 min at 35°C with 1 mg/ml collagenase (type
IV, ThermoFisher) and 20 U DNase I (Vazyme, EN401). After that, the cells were
centrifuged to discard the supernatant. The remaining seminiferous tubules were
digested by TrypLE™ Express (Gibco, 12604021) with 50 U DNase I and 2 mg/ml
collagenase IV for 10 minutes at 35°C. The digestion was terminated by MEMa with
5% FBS. The single-cell suspension was centrifuged at 500g for 3 minutes and washed
three times with MEMa. Filter cells into a 50 mL tube through a 40 um cell strainer
(Falcon, 352340). The cells were collected and cultured in MEMa..

For drug treatment experiments, the collected cells were cultured in MEMa

16
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containing DMSO (control), BMH-21 (Selleck, S7718), or AZ20 (Selleck, S7050). For
recovery experiments, the control and treated cells were washed three times and
collected by centrifugation at 500g for 3 minutes after drug incubation. For ionizing
radiation-induced DNA damage in meiosis, cells were treated with 10 Gy of X-ray.

After 4 hours of recovery, the cells were collected for the next experiments.

Meiotic chromosome spreads

Meiotic chromosome spread slides were prepared as previously described’?. Some
details and conditions were modified. For the fresh tissue, testes were excised from
mice. The tunica albuginea was removed. Put the seminiferous tubules in phosphate-
buffered saline (PBS). Each testis was transferred to 1 mL PBS and gently unraveled
with tweezers. Then, the seminiferous tubules were transferred to a hypotonic
extraction buffer (30 mM Tris-HCI, 50 mM sucrose, 17 mM sodium citrate, 5 mM
EDTA, 0.5 mM dithiothreitol, and 0.1 mM phenylmethylsulfonyl fluoride) for further
processing. After incubation on ice for 10 minutes, the same volume of sucrose (100
mM) was added to the hypotonic extraction buffer. Seminiferous tubules were mashed
with tweezers and pipetted up and down several times. The suspension was filtered by
a 70 um cell strainer (Corning, 431751). After that, the slides were soaked in fixation
buffer (1% paraformaldehyde, 0.1% TritonX-100, pH 8.2) for several minutes. Take the
slides out and keep them flat. The 100 pL suspension was added to the slides. A slight
movement spreads the suspension and fixation buffer over the entire slide. The slides
were placed in humidified chambers at room temperature and air-dried overnight. The

meiotic chromosome spread slides were stored in slide boxes at —80°C.

Immunofluorescence (IF) and RNA fluorescence in situ hybridization (FISH)
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The chromosome spread slides were washed three times in PBS. Then, cells were
blocked for 30 minutes at room temperature in PBS containing 3% bovine serum
albumin (BSA). After that, cells were incubated with 200 pL dilution of primary

antibodies in 1% bovine serum albumin at 4 °C overnight. The slides were washed

three times in PBS with 0.1% Tween 20 and then incubated for 2 hours with secondary
Antibodies at room temperature. After washing three times, DNA was counterstained
with DAPI.

For FISH, slides were performed as described previously’*. Cells were washed in
PBS and dehydrated using 70%, 80%, and then 100% ethanol for 2 minutes each,
followed by air-drying until completely dry. Then, cells were first incubated with wash
buffer I (SMF-WA1-60, Bioresearch technologies) for 10 minutes at room temperature.
The RNA probes were diluted with hybridization buffer (SMF-HB1-10, Bioresearch
Technologies). The chromosome spreads were incubated with diluted probe solution,
gently covered with Parafilm. The slides were put in a humidified chamber at 37°C
overnight. The next day, Parafilm was removed, and slides were incubated with the
same wash buffer I for 20 minutes at room temperature. The slides were washed with
PBS and counterstained with DAPI. The pre-rRNA probes were used in the previous
study®.

For RNA fluorescence in situ hybridization and combined immunofluorescence
experiment, the slides were fixed with 4% paraformaldehyde (PFA) after the secondary
antibody incubation. Then, FISH was performed as described.

All of the images were obtained with Zeiss LSM900 confocal microscope

equipped with a 63x/1.4 oil lens (Zeiss), and were processed using Imagel.

Fluorescence-activated cell sorting (FACS)
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Sub-populations of spermatogenic cells and spermatocytes were isolated from mice
following a published protocol’>>*. Briefly, the testicular cell suspensions were
prepared as described above. The cells were resuspended in 2 mL of PBS containing 5%
fetal bovine serum (FBS) and filtered through a 40 um cell strainer (Corning, 352340).

The filtrate was counted and diluted to 1x107/mL cells. Then, add Hoechst 33342

(Invitrogen, H3570) at a final concentration of 10 pg/mL and incubate at 32°C for 30
minutes. The cell suspensions were mixed every 5 minutes and kept in the dark to avoid
light exposure. After that, the cell suspensions were washed with PBS containing 5%
FBS and resuspended in 1 mL PBS containing 5% FBS and 2 pg/mL propidium iodide
(Invitrogen, P3566, PI) for 10 minutes. Wash cells in 5 mL PBS containing 5% FBS
three times, then centrifuge at 500 g for 3 minutes. Cells were sorted by BD FACSAria
Fusion. The gating parameters are referred to the published method and modified
according to the actual condition®*. The sub-populations of spermatogenic cells were
collected into 5 mL flow tubes containing 2 mL PBS with 5% FBS. The purity of sorting

cells was confirmed by IF with the antibody against SYCP3.

Detect the newly transcribed RNA in spermatocytes

Spermatocytes were collected and cultured in a 6-well culture plate. Add 5-ethynyl-
uridine (5-EU) to the culture medium at a final concentration of 1 mM for 2 hours. We
also add DMSO as a negative control. After labeling cells with 5-EU, cells were
collected and resuspended in PBS, centrifuged at 500 g for 3 min. Cells were fixed with
fixation buffer (1% paraformaldehyde, 0.1% TritonX-100, pH 8.2) on the cover glass.
The cover glass was placed in humidified chambers at room temperature and air-dried
overnight. IF was performed to detect YH2AX as described above. Next, to detect the

newly transcribed RNA, we prepared the 500 pL click additive buffer (430 pL click
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reaction bufter, 20 uL. CuSO4, 1 uL Azide 488, 50 pL click additive, Beyotime, R0301S)
for each reaction. The cover glass with cells was placed in a 6-well culture plate and
incubated with the click additive buffer for 30 minutes. Then, the click additive buffer
was removed. Cells were washed three times with 1 mL PBS containing 3% BSA. Add

DAPI and put the cover glass on the glass slide.

RNA extraction and RT-qPCR

Cells were lysed in TRIzol (Invitrogen, 15596018CN) and RNA was extracted
according to the standard protocol. Briefly, after different treatments, cells were
collected into 1.5 mL tubes (Axygen, MCT-150-C). RNAs were washed with 75%
ethanol. For each sample, the extracted RNA was dissolved in 20 uL DEPC water. In
order to detect the specific gene expression, we synthesized cDNA with Hifair®
AdvanceFast 1st Strand cDNA Synthesis Kit (Yeason, 11149ES60). The products were
diluted, and Hieff SYBR Green Master Mix (YEASEN, 11201ES03) was used for
qPCR on STA-PCRO007 (Biorad CFX Connect). Primers were designed according to the
coding sequences (CCDS) from NCBI using Primer-BLAST and referred to the data
from PrimerBank. Cycle threshold (Ct) values were recorded for the analysis. Data
were from three technical replicates per sample. Significant differences were identified

using Student’s t tests.

CUT &Tag assay and analysis

The 1x10* spermatocytes were collected for the CUT & Tag assay (Vazyme, TD904)

according to the manufacturer's instructions. Briefly, spermatocytes were resuspended
in the wash buffer and the nuclei were collected. Then, the nuclei were incubated with

ConA Beads for 10 min. The samples were incubated with the primary antibody and
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the secondary antibody. pA/G-Tnp transposase was used to cut the genome, and the
DNA was extracted and subjected to PCR amplification to build a library. The
sequencing process was commissioned by Nanjing Jiangbei New Area
Biopharmaceutical Public Service Platform. Following sequencing, raw paired-end
reads were subjected to a standardized bioinformatics pipeline for downstream analysis.
Initial quality control and adapter trimming were performed to remove low-quality
bases. The clean reads were then aligned to the mouse reference genome (mm10) using
Bowtie2 (2.3.5.1). Peak calling was conducted with a g-value threshold of 0.05 and
different peak analyses with a fold change of RPM >= 2. Alignment files (.bam) were

loaded into the Integrative Genomics Viewer (IGV).

Chromatin Isolation by RNA Purification (ChIRP)
ChIRP was carried out as previously described with a few modifications’®. The pre-
rRNA anti-sense oligo probes with 3’-Biotin-TEG modifications were designed by

ChIRP  Probe Designer (https://www.biosearchtech.com/support/tools/design-

software/chirp-probe-designer). Optimize the sonication time (high setting, 30 sec ON

and 30 sec OFF, 10 cycles). ChIRP probes were incubated with sonicated chromatin at
37°C for 12 hours with rotation in a molecular hybridization apparatus. The purified
DNA was sent to Nanjing Jiangbei New Area Biopharmaceutical Public Service

Platform for library preparation and subsequent Illumina HiSeq sequencing.

Assay for Transposase-Accessible Chromatin-sequencing (ATAC-seq)
Spermatocytes were isolated and treated for 12 h with or without BMH-21. Then,
pachytene spermatocytes were sorted as described above and lysed in 50 pL lysis buffer

(ATAC-seq kit, Vazyme, TD711). Using two replicates per condition, libraries were
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prepared using the Hyperactive ATAC-Seq Library Prep Kit for Illumina (Vazyme,
TD711) as described with slight modifications”. DNA was amplified for 14 cycles and
then purified using DNA Clean Beads, followed by elution with 22 pL of nuclease-free
water. Finally, the libraries were sent to Nanjing Jiangbei New Area Biopharmaceutical

Public Service Platform for sequencing.

In vivo rete testis microinjection of BMH-21

Mice were anesthetized by intraperitoneal administration of Avertin (250 mg kg™') and
positioned supine. Following aseptic preparation, a single incision (~1.5 cm) was made
above the genital area, and the testes were exteriorized by gently tractioning the fat pad.
BMH-21 (10 pL, 50 uM) or DMSO was injected into the rete testis using a glass
capillary under a stereomicroscope. At one-week post-injection, testes were harvested

and fixed in 4% paraformaldehyde (PFA) for further analysis.

Quantification and statistical analysis

The areas of different proteins and pre-rRNA were quantified with ImageJ. These
quantifications are based on the Analyze module. The main object of observation was
selected using the rectangle tool. The fluorescence area and intensity were measured by
the Analyze module. Data were collected and analyzed by GraphPad Prism 8. The
relative fluorescence intensity data were obtained using ZEN 3.3. An unpaired Student's

t-test was used to determine statistical significance, defined as P < 0.05.

Data Availability

All datasets have been deposited in the GEO Datasets under the GEO accession
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Figure 1 Nucleolus disassembles in the pre-leptotene spermatocytes.

(A) RNA FISH detection of pre-rRNA in spermatogonia (c-Kit+) and pre-leptotene
spermatocytes (SYCP3+). Representative images are shown at left. Spg, spermatogonia;
Pre-L, pre-leptotene spermatocytes. Quantification of the pre-rRNA dispersion ratio is
shown at right.

(B) NPM1 staining in spermatogonia and pre-leptotene spermatocytes. Representative
images are shown at left, with quantification of the NPM1 dispersion ratio at right.

(C) Analysis of nascent pre-rRNA synthesis by 5-EU incorporation. Nascent RNA was

detected by 5-EU labeling, and total pre-rRNA was visualized by RNA FISH.
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(D) Schematic representation of the nucleolar disassembly in the pre-leptotene
spermatocytes. The nucleolus is integrity of FC, DFC, and GC in spermatogonia,
whereas all three compartments exhibit widespread dispersion throughout the
nucleoplasm in the pre-leptotene spermatocytes.

Scale bars, 10 um.
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Figure 2 Nucleolar components dynamically fuse with the XY body.

(A) Distribution of pre-rRNA from leptotene to diplotene. Pre-rRNA was detected by
RNA-FISH. SYCP3 staining was used to define meiotic stages. A schematic summary
is shown at upper left, and representative images are shown below. The XY body is
outlined by dashed circles. L, leptotene; Z, zygotene; e-P, early pachytene; m-P, middle

pachytene; 1-P, late pachytene; D, diplotene. Quantification of pre-rRNA enrichment in
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the XY body is shown at right.

(B) Distribution of NPM1 from leptotene to diplotene. Representative images of NPM1
staining are shown at left, with quantification of NPM1 enrichment in the XY body at
right.

(C) Pre-rRNA ChIRP-seq and NPM1 CUT&Tag-seq profiles in pachytene
spermatocytes.

Scale bars, 10 um.
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Figure 3 ATR-mediated DNA damage response signaling drives the sequestration
of nucleolar components to the XY body.

(A) ATR inhibition and recovery assay in spermatocytes. The spermatocytes were
treated with AZ20 (10 uM) for 24 h and collected at the indicated times after washout
for immunofluorescence analysis. Representative YH2AX staining images are shown in
the middle with a statistical analysis of YH2AX signal in the XY body at lower left. A
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schematic summary of YH2AX changes is provided at upper right. The XY body is
outlined by dashed circles.

(B) Analysis of pre-rRNA and NPMI1 during ATR inhibition and recovery.
Representative pre-rRNA and NPM1 staining images are shown at left with a statistical
analysis of pre-rRNA and NPM1 signals in the XY body at lower left. A schematic
summary of pre-rRNA and NPM1 changes is provided below.

(C) Pre-rRNA ChIRP-seq and NPM1 CUT&Tag-seq profiles on sex chromosomes in
WT and H2ax KO pachytene spermatocytes.

Scale bars, 10 pm.
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Figure 4 Pre-rRNA mediates MSCI.

(A) BMH-21 releases pre-rRNA from the XY body and promotes nascent RNA
production in the XY body. Nascent RNA was measured by 5-EU incorporation.
Representative images of pre-rRNA FISH and 5-EU staining are shown at left. The XY

body is outlined by dashed circles. Quantification of relative 5-EU intensity in the XY
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body is shown at right.

(B) RNA-seq analysis of pachytene spermatocytes treated with BMH-21 (2.5 uM, 12
h). Violin plots show transcriptional changes (BMH-21 versus mock) for autosomal and
sex-linked genes.

(C) Scatter plot of differentially expressed sex-chromosomal genes after BMH-21
treatment. Upregulated genes were defined by fold change = 2 and adjusted P <0.05
(DESeq2).

(D) RT—qPCR validation of representative X- and Y-linked genes upregulated by BMH-

21. Data are presented as mean =+ s.e.m. (n=3 biological replicates).
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Figure 5 Pre-rRNA excludes RNA Polymerase II from the XY body.

(A) BMH-21 releases pre-rRNA from the XY body and promotes relocalization of Pol

I into this compartment. Pachytene spermatocytes were treated with BMH-21 (2.5 puM,

12 h). Pre-rRNA and Pol II were detected by RNA FISH and immunostaining,

respectively. Representative images are shown at left, with quantification at right. The

XY body is outlined by dashed circles. Scale bar, 10 pm.

(B) Genomic redistribution of pre-rRNA and Pol IT after BMH-21 treatment. Pachytene
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spermatocytes treated with BMH-21 (2.5 uM, 12 h) were subjected to pre-rRNA
ChIRP-seq and Pol II CUT&Tag-seq. Representative profiles across the X
chromosome are shown at right.

(C) Metaplot comparison of pre-rRNA ChIRP—seq and Pol II CUT&Tag-seq signals

across the sex chromosome.
(D) Representative pre-rRNA ChIRP-seq and RNA Pol I CUT&Tag-seq profiles at X-

linked loci.
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Figure 6 Pre-rRNA enforces a repressive chromatin state in the XY body.

(A) BMH-21 increases chromatin accessibility on the sex chromosomes in pachytene
spermatocytes. Chromatin accessibility was assessed by ATAC-seq after BMH-21
treatment (2.5 uM, 12 h). Violin plots show ATAC-seq changes (BMH-21 versus mock)
across autosomes and sex chromosomes.

(B) Metaplot comparison of ATAC-seq signals across the sex chromosomes.
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(C) Heat map of ATAC-seq signals across the sex chromosomes.

(D)Scatter plot of sex-chromosomal genes with significantly altered chromatin
accessibility after BMH-21 treatment.

(E) Overlap between sex-linked genes with increased chromatin accessibility by ATAC-
seq and reduced pre-rRNA occupancy by ChIRP-seq after BMH-21 treatment.

(F) Working model of pre-rRNA-mediated MCSI. In the XY body, pre-rRNA restricts
chromatin accessibility and excludes RNA polymerase II, thereby maintaining

transcription repression in the sex chromosomes.
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