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Pre-ribosomal RNA reorganizes DNA damage repair factors in
nucleus during meiotic prophase and DNA damage response
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In response to DNA double-strand breaks (DSBs), DNA damage repair factors are recruited to DNA lesions and form nuclear foci.
However, the underlying molecular mechanism remains largely elusive. Here, by analyzing the localization of DSB repair factors in
the XY body and DSB foci, we demonstrate that pre-ribosomal RNA (pre-rRNA) mediates the recruitment of DSB repair factors
around DNA lesions. Pre-rRNA exists in the XY body, a DSB repair hub, during meiotic prophase, and colocalizes with DSB repair
factors, such as MDC1, BRCA1 and TopBP1. Moreover, pre-rRNA-associated proteins and RNAs, such as ribosomal protein subunits,
RNase MRP and snoRNAs, also localize in the XY body. Similar to those in the XY body, pre-rRNA and ribosomal proteins also localize
at DSB foci and associate with DSB repair factors. RNA polymerase I inhibitor treatment that transiently suppresses transcription of
rDNA but does not affect global protein translation abolishes foci formation of DSB repair factors as well as DSB repair. The FHA
domain and PST repeats of MDC1 recognize pre-rRNA and mediate phase separation of DSB repair factors, which may be the
molecular basis for the foci formation of DSB repair factors during DSB response.
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INTRODUCTION
Once DNA double-strand breaks (DSBs) occur, DNA repair factors
are recruited to DNA lesions and repair DSBs via different
pathways.1,2 These DSB repair factors are sequentially loaded
onto DNA lesions and form distinct condensates in nucleus,
known as DNA damage-induced foci.3 This phenomenon is often
observed and examined when cells are treated with ionizing
radiation to induce DSBs.4 Thus, it is also known as ionizing
radiation-induced foci (IRIF).
The foci formation of DSB repair factors is maintained by

phosphorylation of H2AX, a variant of histone H2A, at Ser139 (aka
γH2AX).5,6 In response to DSBs, this site-specific phosphorylation
event is mediated by a group of PI3-like kinases, including ATM,
ATR and DNA-PK.3,7 γH2AX may extend to mega-base away from
DNA lesions, and provides a platform to cluster DSB repair factors
at vicinity of DSBs.8,9 Although the detailed molecular mechanism
is unclear, loss of H2AX abolishes DNA damage-induced foci and
impairs DSB repair.10–12

In addition to environmental hazard-induced DSBs, DSBs also
arise during physiologically relevant processes. A typical example
is homologous recombination (HR) before meiosis. In both
autosomes and sex chromosomes of germ cells, DSBs are
generated by SPO11, a topoisomerase-like enzyme.13–17 However,
unlike topoisomerases, SPO11 cannot religate DSBs. Instead, these
DSBs are repaired by DSB repair factors to complete HR. Due to
the lack of homology, the X and Y chromosomes in male germ
cells cannot use canonical HR to repair SPO11-induced DSBs.18

Thus, DSBs on the X and Y chromosomes exist for prolonged time,
which causes extensive DNA damage response. Various DNA
damage repair factors are concentrated into these two sex
chromosomes to form a phase separation-like structure, named
the XY body, during meiotic prophase.18

This phase separation-like structure covers the whole X and Y
chromosomes. As the obvious biomarker of the XY body is γH2AX,
we have proposed that the XY body is by far the largest DNA
damage focus in human cells.18,19 Interestingly, there are two
distinct patterns of localization of the DSB repair factors in the XY
body. DSB response factors, such as γH2AX and MDC1, cover the
whole area of the XY body.19 In contrast, the unsynapsed region of
the X and Y chromosomes is decorated by HR repair machinery
including RAD51, BRCA1, TOPBP1, etc.19 Since RAD51 associates
with the single-stranded DNA (ssDNA) that is processed from DSB
ends, it has been proposed that SPO11-induced DSBs exist in the
unsynapsed region.20,21 And these two distinct localization
patterns in the XY body are reminiscent to the localization of
these repair factors in IRIF.18 Using super-resolution microscopy,
those HR repair factors are always localized at the center of IRIF,
whereas the DSB response factors, such as γH2AX, are extended to
the peripheral of DNA lesions.22 Nevertheless, the basic molecular
mechanism of phase separation of these repair factors at DNA
lesions is still unclear.
Recent studies on phase separation indicate that RNA is an

important component in membrane-less nuclear body forma-
tion.23–27 However, the RNA species that are involved in DNA
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damage-induced foci formation remain elusive. In particular, DNA
damage-induced foci formation is an evolutionarily conserved
phenomenon. Although some RNA species have been proposed
to regulate DNA damage-induced foci formation,28–35 none of
these RNAs are conserved during evolution, suggesting that major
RNA component in DNA damage-induced foci has yet to be
revealed. By analyzing the XY body, the biggest DNA damage
focus that we can observe, we found that pre-ribosomal RNAs
(pre-rRNAs) were present in the XY body as well as IRIF, and may
act as scaffolds for the phase separation of DNA damage repair
factors at DNA lesions.

RESULTS
rRNA is present in the XY body
In order to study the foci formation of DSB repair factors, we
examined the XY body, the largest DNA damage response focus in
nucleus that we have observed (Fig. 1a).18 Since DNA damage-
induced foci are phase separations of DSB repair factors, and
membrane-less nuclear body phase separation is often mediated
by RNA components,23–26 we asked whether RNA species exist in
the XY body. Using γH2AX as the XY body marker, we stained
meiotic spreads with SYTO RNASelect Green, a specific RNA dye,
and found that the average level of RNA in the XY body was
significantly higher than that in the whole nucleus (Fig. 1b). In
contrast, DNA level in the XY body, marked by SYBR Green I, was
similar to that in the whole nucleus (Fig. 1b). Moreover, with RNase
A treatment, the RNA species were removed from meiotic spreads,
and RNase A treatment did not affect DNA staining in meiotic
spreads (Fig. 1c). Collectively, these results indicate that RNA is
enriched in the XY body.
Earlier studies have shown that gene transcription of X and Y

chromosomes is suppressed following the XY body formation.36

Consistently, the localization of RNA polymerase II (pol II) and
poly-A RNA was excluded from the XY body (Fig. 1d and
Supplementary information, Fig. S1), suggesting that the RNA
species in the XY body are not mRNAs. Moreover, several long
non-coding RNAs (lncRNAs) have been reported to participate in
DNA damage repair.28–32 However, we did not observe these
lncRNAs in the XY body either (Supplementary information,
Fig. S2). To exclude the potential R-loop in the XY body, we
stained the XY body with S9.6 antibody that specifically
recognizes RNA-DNA hybrids,37 and we did not detect obvious
staining of the XY body using this antibody (Supplementary
information, Fig. S3a). Since RNase H specifically digests RNA that
forms R-loop, we also treated meiotic spreads with RNase H, and
found that RNase H did not affect the RNA staining in the XY body
(Supplementary information, Fig. S3b). Thus, these results
collectively suggest that the RNA species in the XY body may
not form DNA-RNA hybrid.
RNA species observed in the XY body are more abundant than

those in other part of nucleus, indicating that these RNA species
should be some of the most abundant RNAs in the cell. Since
ribosomal RNA (rRNA) is the most abundant RNA, we examined
rRNA localization in meiotic spreads with anti-rRNA antibody. This
monoclonal antibody specifically recognizes 5.8S rRNA. Interest-
ingly, we found that rRNA was remarkably enriched in the XY body
(Fig. 1d). Since it could not be digested by RNase H, the rRNA in XY
body did not form R-loops (Supplementary information, Fig. S3c).
Instead, with the RNase A treatment, the rRNA staining was
disappeared from meiotic spreads. Using excessive rRNA to block
the epitope recognized by this antibody, the rRNA in the XY body
could not be stained (Fig. 1e). Since γH2AX mainly exists in the XY
body, we harvested spermatogonia from 3-week-old male mice,
and performed RNA sequencing (RNA-seq) following RNA-
chromatin immunoprecipitation assay (RNA-ChIP) using anti-
γH2AX antibody (Supplementary information, Fig. S4a). We found
that majorities RNA associated with γH2AX was rRNA

(Supplementary information, Fig. S4b, c). These results were
further validated by real-time quantitative PCR (RT-qPCR) (Supple-
mentary information, Fig. S4d). Collectively, these results suggest
that rRNA exists in the XY body.

Pre-rRNAs exist in the XY body
rRNA is transcribed from ribosomal DNA (rDNA) loci as 47S pre-
rRNA by RNA Polymerase I (RNA pol I). Immediately following
transcription, 47S pre-rRNA is processed to 45S pre-rRNA that is
further digested into 32S and 34S pre-rRNA in murine cells, the
precursors of 18S, 5.8S and 28S rRNA.38 Once pre-rRNA is
transcribed, it undergoes extensive modifications such as 2’-O-
methylation and pseudouridylation.39 Moreover, protein partners
and 5S rRNA, the smallest rRNA component transcribed by RNA
Polymerase III (RNA pol III), are incorporated into pre-rRNA to form
pre-ribonucleoprotein particles (pre-rRNPs).40,41 To examine the
rRNA species in the XY body, we designed various probes covering
different regions of 45S and 5S rRNA (Fig. 2a). Interestingly, we
could stain rRNA with probes targeting the regions of 34S, 18S,
18SE, 32S, 28S, 12S, 8S, 5.8S and 5S but not with 5’-ETS probes
(Fig. 2b), suggesting that the XY body contains 34S, 32S rRNA and
probably their derivatives, but not 45S rRNA. We also hybridized
different probes simultaneously and found that these rRNAs had
the same signal distribution pattern in the XY body (Supplemen-
tary information, Fig. S5a–c). To examine the component of rRNA
species in the XY body, we measured the fluorescence intensity of
each probe in the XY body (Supplementary information, Fig. S5d).
Based on the relative signal intensity, we calculated and found
that these rRNA species mainly included 34S (18.32%), 32S
(80.27%) and 5S (1.41%) rRNAs (Fig. 2c). Although probes
targeting other regions also recognized the XY body, the staining
of other probes mainly reflected 34S and 32S pre-rRNAs.
To exclude any mature rRNA in the XY body, we used probe

quenchers that could interact with adjacent 5.8S or 28S probe,
which sufficiently abolished the fluorescence signals of 5.8S or
28S probe, suggesting that most of the 5.8S or 28S probes
recognize 5.8S or 28S region in pre-rRNAs. Thus, the results
indicate that pre-rRNAs are dominant RNA species in the XY body
and little mature rRNA exists in the XY body (Supplementary
information, Fig. S5e).
In the XY body, pre-rRNA localized into different patterns, and

we summarized these localization patterns into four types: (1) pre-
rRNA localizes at the edge of the XY body; (2) pre-rRNA forms a
cap on the XY body; (3) pre-rRNA partially occupies the XY body;
(4) pre-rRNA exists in the whole XY body (Fig. 2d). Interestingly, we
found that the localization pattern of rRNA was shifted from the
edge of the XY body in early pachytene and gradually migrated
into the XY body till diplotene (Fig. 2e). Moreover, when pre-rRNA
entered the XY body, it was enriched at the unsynapsed axes of
the X and Y chromosomes (Fig. 2f, g). However, as conventional
paraformaldehyde fixation crosslinks proteins and nucleic acids in
the XY body, it may impair RNA probe hybridization. We also used
methanol/acetic acid to fix cells, in which acetic acid treatment
removes proteins and exposes nucleic acids during fixation. we
found that pre-RNA species formed a string pattern and might be
enriched at the unsynapsed axes of the X and Y chromosomes
(Supplementary information, Fig. S5f). In addition, we also
examined other stages of meiotic prophase before the XY body
formation, including leptotene and zygotene. However, we did
not observe obvious rRNA staining in these stages (Supplementary
information, Fig. S6), suggesting that pre-rRNA is highly enriched
in the XY body during pachytene and diplotene.

Pre-rRNA-associated RNA and proteins localize in the XY body
Once pre-rRNA is transcribed, it associates with other small
nucleolar RNAs (snoRNA) and nucleolar proteins to form pre-
rRNPs.42 Thus, we asked whether snoRNAs- and pre-rRNA-
associated proteins exist in the XY body. We found that snoRNA
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Fig. 1 rRNA is localized in the XY body. a Schematic representation of the XY body in mouse prophase spermatocyte. b Staining of RNA or
DNA in prophase spermatocytes. RNA was stained by SYTO RNASelect Green, and DNA was examined by SYBR Green I. γH2AX is a surrogate
marker of the XY body. The representative images were shown (left panel). Signal intensity of RNA and DNA in XY body or in nucleus
excluding XY body was analyzed (right panel). Twenty cells were examined. c RNase A treatment erased the RNA staining in the XY body. After
RNase A treatment, RNA or DNA intensity in meiotic spreads was examined. The relative intensity of RNA or DNA was statistically analyzed.
d The localization of mRNA or rRNA in the XY body. Poly-A anti-sense probes and anti-5.8S antibody were used in the in situ hybridization or
immunofluorescence staining, respectively. The fluorescence signal intensity on the white dash lines was plotted. e Meiotic spreads were
treated with or without RNase A or blocked by excessive rRNA. rRNA in XY body was examined by anti-5.8S antibody. The relative intensity of
rRNA in each cell was statistically analyzed. ***P < 0.001. Circled area indicates the XY body. Scale bars, 10 μm.
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Fig. 2 Pre-rRNAs exist in the XY body. a The sketches of pre-rRNA processing and location of each RNA probe. Different probe recognizes
different pre-rRNAs or mature rRNA. For example, probe 1 only recognizes 45S pre-rRNA, while probe 2 can recognize 18S, 18SE, 34S and 45S.
b Localization of rRNA in prophase spermatocytes was examined by indicated rRNA anti-sense probes in the in situ hybridization. c rRNA
species in the XY body were calculated. The calculation was based on the relative fluorescence intensity and molecular weight of each species.
d Different patterns of pre-rRNA distribution in meiotic prophase. e Pre-rRNA distribution from early pachytene to diplotene is statistically
analyzed. f Pre-rRNA is enriched in the unsynapsed axes of X and Y chromosomes. g Analysis of rRNA and SCP3 distribution of f. The initial
point 0 indicated the center of unsynapsed axes of X and Y chromosomes. Both rRNA and SCP3 are enriched in the unsynapsed axes. Circled
area indicates the XY body. Scale bars, 10 μm.
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U17, an H/ACA box snoRNA for peudouridylation of pre-rRNA,
localized in the XY body (Fig. 3a). In addition, RNase MRP (aka
RMRP), a key ribozyme to process pre-rRNA, was also in the XY
body (Fig. 3a). Moreover, we examined ribosomal proteins that
associate with pre-rRNAs, and found that RPL4, 6, 7A, 8, 13, 14 and
RPS3 existed in the XY body (Fig. 3a–d). Among these ribosomal
proteins, RPL6, RPL7A and RPS3 clearly localized at the unsy-
napsed axes of the X and Y chromosomes (Fig. 3b–d). In addition,
we found that fibrillarin, rRNA 2’-O-methyltransferase, also sharply
localized at the unsynapsed axes of the X and Y chromosomes
(Fig. 3e). Other nucleolus proteins including nuclephosmin (NPM1)
and nucleolin localized in the XY body too (Supplementary
information, Fig. S7). The colocalization of pre-rRNA- and pre-
rRNA-associated RNAs/proteins was further confirmed in the XY
body (Supplementary information, Fig. S8). Collectively, these
results suggest that pre-rRNPs and nucleolus components are
associated with the XY body.

Pre-rRNA associates with DSB repair factors in the XY body
In addition to pre-rRNPs, many DSB repair factors also localize in
the XY body. Based on the precise localization in the XY body,
these repair factors are classified into two groups. The first group
includes γH2AX, MDC1, RNF8, etc., which mediates DNA damage
response and exists in the whole XY body. The second group
includes BRCA1, TOPBP1, RAD51, etc., which mediates HR repair
and only localizes at the unsynapsed axes of the X and Y
chromosomes.19 Since pre-rRNPs are also in the XY body, we
examined and found that these pre-rRNPs were remarkably co-
localized with DSB repair factors (Fig. 4a), suggesting that pre-
rRNPs may associate with DSB repair factors.
To further examine the possible interactions between DSB repair

factors and pre-rRNPs, we performed “protein hybridization” in the
XY body, which has been used to examine intermolecular
interactions.19 It has been shown that the BRCA1 C-Terminal
domain (BRCT domain) of BRCA1 targets the protein to DNA lesions

Fig. 3 Pre-rRNP localizes in the XY body. a Localization of pre-rRNA-associated RNA and proteins in XY body. SnoRNA U17, RMRP, RPL4, RPL8,
RPL13 and RPL14 were examined by RNA probes or indicated antibodies in the late pachytene cells. Percentages of positive staining in the XY
body are shown. b–e RPL7A (b), RPL6 (c), RPS3 (d) and FBL (e) are localized on the unsynapsed regions of the X and Y chromosomes. The
fluorescence intensity on the white dash line is plotted. Circled area indicates the XY body. Scale bars, 10 μm.
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Fig. 4 Pre-rRNA associates with DSB repair factors in the XY body. a Pre-rRNA is associated with TopBP1 and BRCA1 in the XY body. TopBP1
and BRCA1 were examined by immunofluorescence staining with respective antibodies. b The BRCT domains of BRCA1 and TopBP1 recognize
the XY body. The BRCA1-BRCT and TopBP1-BRCT5 were hybridized onto the unsynapsed axes of the X and Y chromosomes. Meiotic spreads
were incubated with recombinant GST, GST-BRCA1-BRCT or GST-TopBP1-BRCT5. Anti-GST antibody was used for immunofluorescence
staining. c, d TopBP1 and BRCA1 recognize rRNA species in the XY body. Following RNase A treatment or excessive RNA blocking, TopBP1-
BRCT5 (c) or BRCA1-BRCT (d) was examined by anti-GST antibody. The relative signal intensity of the TopBP1-BRCT5 or BRCA1-BRCT in the XY
body was plotted. e TopBP1 and BRCA1 associated with pre-rRNA. GST, GST-BRCA1-BRCT or GST-TopBP1-BRCT5 proteins were used to pull
down pre-rRNA. Following GST pull-down assays, qPCR was performed to examine the enrichment of pre-rRNA. Primers of ITS1 and ITS2, two
regions of pre-rRNA, were applied for qPCR. ***P < 0.001. Circled area indicates the XY body. Scale bars, 10 μm.
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as well as the unsynapsed axes. Moreover, the BRCT5 of TOPBP1 also
mediates the protein localization to DSB sites. Thus, we generated
recombinant BRCA1-BRCT and TOPBP1-BRCT5, and hybridized these
proteins with the meiotic spreads. As expected, the recombinant

proteins were only hybridized to the unsynapsed axes (Fig. 4b).
Interestingly, when we pre-treated meiotic spreads with RNase A to
digest pre-rRNA, the BRCA1-BRCT or TOPBP1-BRCT5 no longer
hybridized to the unsynapsed axes (Fig. 4c, d). Moreover, we

Fig. 5 H2AX and MDC1 regulate the localization of pre-rRNP in the XY body. a, c Pre-rRNAs (a) and FBL (c) distributions in WT, H2AX-,
MDC1- or RNF8-deficient meiotic spreads. b, d The relative intensity of pre-rRNA (b) or FBL (d) on X chromosomes or the XY body were
calculated. ***P < 0.001. Circled area indicates the XY body. Scale bars, 10 μm.
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Fig. 6 Pre-rRNP exists in IRIF. a Detection of pre-rRNA in IRIF. Cells were treated with 20 Gy of IR. Pre-rRNA was examined by RNA probes.
DSBs were examined by anti-γH2AX antibody. The colocalization fluorescence signals were analyzed. b FBL colocalizes with γH2AX at DSBs.
Cells were treated with 20 Gy of IR, and examined with indicated antibodies. c IR treatment induces foci formation of pre-rRNA and FBL.
Following IR treatment, foci numbers of pre-rRNP were counted in a and b. The colocalization of pre-rRNP and γH2AX foci was also calculated.
d Detection of pre-rRNA and γH2AX foci in WT, Mdc1−/−, H2ax−/− or Rnf8−/− MEFs. Foci number of each group was measured. e Pre-rRNP
localizes at DSB site. I-SceI was induced and translocated from cytoplasm to nucleus to create a solo DSB. ChIP-qPCR was performed to
examine the accumulation of pre-rRNA and FBL at the DSB. γH2AX and MDC1 at the DSB site were also examined as positive control. f Lacking
MDCI but not RNF8 suppressed the recruitment of pre-rRNA to the DSB site. ***P < 0.001. Scale bars, 10 μm.
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Fig. 7 Pre-rRNA mediates IRIF and HR repair. a RNA pol I inhibition suppresses IRIF. Following RNA pol I, pol II or pol III inhibitor treatment,
IRIF of γ-H2AX, MDC1, TopBP1. 53bp1 or BRCA1 was examined. The percentage of foci positive cells (> 20 foci) was measured. b Pol I inhibition
abolished the accumulation of DSB repair factors to DSB. Following pol I, pol II or pol III inhibitor treatment, the enrichment of γ-H2AX, MDC1,
TopBP1 or BRCA1 at DSB was examined by ChIP-qPCR using the I-SceI-induced solo DSB system. c Pol I inhibition suppresses HR repair. DR-
GFP reporter system was utilized to determine the HR efficiency. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bars, 10 μm.
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included excessive rRNA during the protein hybridization, and found
that rRNA was able to block the localization of BRCA1-BRCT or
TOPBP1-BRCT5 to the unsynapsed axes (Fig. 4c, d), indicating that
BRCA1 and TOPBP1 associate with pre-rRNA on the unsynapsed
axes. Finally, we incubated BRCA1-BRCT or TOPBP1-BRCT5 with pre-
rRNA and found that both BRCT domains interacted with pre-rRNA
(Fig. 4e).

H2AX and MDC1 regulate the localization of pre-rRNP in the
XY body
γH2AX provides a platform to mediate the recruitment of DSB
repair factors,8,9 and loss of H2AX abolishes the formation of the
XY body.11 We examined the localization of pre-rRNP in the H2AX-
deficient germ cells. Although the XY body was dissembled in the
absence of H2AX, pre-rRNA still existed on the X chromosome and
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co-localized with BRCA1 (Fig. 5a). However, the signal intensity of
pre-rRNA on the X chromosome was much weaker than that in the
unsynapsed axes in the XY body (Fig. 5b). In addition, the X
chromosome in the H2AX-deficient meiotic spread was also coated
with pre-rRNA-associated protein FBL (Fig. 5c). Since MDC1 is a
functional partner of γH2AX, and the BRCT domain of MDC1 directly
recognizes phospho-Ser139 motif of H2AX,43 loss of MDC1 also
abolishes the XY body in male germ cells.44,45 Next, we examined
MDC1-deficient mice and found that pre-rRNPs also associated with
the X chromosome, but the level of pre-rRNPs on the X chromosome
was greatly reduced compared to that in the XY body of wild-type
(WT) germ cells (Fig. 5a–d). Collectively, these results indicate that
γH2AX-MDC1 axis maintains the XY body formation and plays an
important role for the loading of pre-rRNA in the XY body.
Once MDC1 is recruited to DNA lesions, it is phosphorylated by

PI3-like kinases and recognized by downstream partner RNF8, a
ubiquitin E3 ligase mediating DSB response, including the
recruitment of downstream effectors such as BRCA1 and
53BP1.43,46 However, different from H2AX- or MDC1-deificent
mice, the XY body is still formed in RNF8-deficient male germ
cells.47 Here, we also examined the RNF8-deficient mice and found
that pre-rRNPs also existed in the XY body (Fig. 5a–d), suggesting
that RNF8 is not required for the loading of pre-rRNPs.

Pre-rRNPs localize at IRIF
The XY body is a form of phase separation of DSB repair factors in
meiotic prophase, and can be considered as the biggest DSB repair
focus in cells.18 Similar to the XY body, DSB repair factors are
concentrated to DNA lesions when cells are treated with ionizing
radiation to induce DSBs. However, compared to that in the XY
body, the phase separation-like structure of DSB repair factors in IRIF
is much smaller. Interestingly, we found that pre-rRNA and its
associated proteins existed in the IRIF and co-localized with γH2AX,
the marker of DSBs (Fig. 6a–c and Supplementary information,
Fig. S9a–c). H2AX and MDC1 are required for IRIF formation. While
pre-rRNP foci were not detectable in H2AX- or MDC1-deficient cells,
they were readily detected in RNF8-deficient cells (Fig. 6d and
Supplementary information, Fig. S9d). Moreover, in MDC1-deficient
cells, H2AX was still phosphorylated, but the foci of γH2AX were
largely obscure (Fig. 6d and Supplementary information, Fig. S9e),
indicating that MDC1 plays an important role to maintain IRIF.
To further validate the accumulation of pre-rRNPs at DSBs, we

developed an inducible DSB system to generate a single DSB in
the X chromosome of HCT116 cells (Fig. 6e).48 Using chromatin
immunoprecipitation (ChIP) and quantitative PCR (qPCR), we
found that both rRNA and rRNA-associated protein FBL were
accumulated at the flanks of the DSB (Fig. 6e). Consistently,
depletion of MDC1 but not RNF8 abolished the accumulation of
rRNA at the DSB (Fig. 6f), further suggesting that the pre-rRNPs
accumulation at DSBs in somatic cells is regulated by MDC1.

Pre-rRNP plays an important role in IRIF formation and DSB
repair
Next, we explored the biological function of pre-rRNPs at DSBs.
Since pre-rRNA is transcribed by RNA pol I, we transiently treated

cells with specific RNA pol I inhibitor (BMH-21), pol II inhibitor (α-
Amanitin) or pol III inhibitor (ML-60218), and found that transient
pol I inhibition did not affect mature ribosomes or protein
translation (Supplementary information, Fig. S10), but drastically
diminished IRIF of γH2AX, MDC1, TopBP1, 53BP1 and BRCA1
(Fig. 7a). Moreover, since pol III mediates 5S rRNA transcription,
inhibition of pol III slightly repressed IRIF. In contrast, inhibition of
pol II did not affect the IRIF of these DSB repair factors (Fig. 7a).
Collectively, these results suggest that like H2AX and MDC1, pre-
rRNA also plays a key role in the IRIF formation. In addition,
depletion of FBL had little impact on γH2AX and MDC1 foci
formation (Supplementary information, Fig. S13), suggesting that
pre-rRNA-associated proteins may not regulate IRIF of γH2AX and
MDC1. Moreover, loss of FBL did not affect the accumulation of
pre-rRNA to DSBs (Supplementary information, Fig. S14). Using
ChIP, we also found that inhibition of pol I impaired the
recruitment of DSB repair factors, including MDC1, TopBP1 and
BRCA1, to the I-SceI-induced DSB (Fig. 7b). Taken together, these
results suggest that pre-rRNA mediates the recruitment of DSB
repair factors to DNA lesions.
Next, we examined the role of pre-rRNA in DSB repair, including

homologous recombination (HR) and non-homologous end join-
ing (NHEJ). Using an established GFP reporter assay, we found that
inhibition of pol I repressed both HR and NHEJ (Fig. 7c and
Supplementary information, Fig. S11). In addition, we injected
BMH-21 into mouse testis, and found that pol I inhibitor treatment
remarkably suppressed meiosis and spermatogenesis in male
germ cells (Supplementary information, Fig. S12b–d). Taken
together, these results suggest that pre-rRNA mediates the DSB
repair.

MDC1 binding to pre-rRNA mediates phase separation
The formation of the XY body or IRIF is induced by the phase
separation of DSB repair factors, and is also governed by both
MDC1 and pre-rRNA. In the separate nuclear compartments,
proteins often associate with RNA species to form phase
separation.49 Thus, we wondered whether MDC1 and pre-rRNA
themselves are able to form phase separation, and whether
MDC1 directly recognizes pre-rRNA. We performed immunopre-
cipitation with anti-MDC1 antibody following IR treatment, and
found that MDC1 did associate with a large amount of pre-rRNA
(Fig. 8a). Detailed domain mapping uncovered that both the
N-terminal forkhead-associated domain (FHA domain) and the
proline-serine-threonine rich repeats (PST repeats) interacted
with pre-rRNA (Fig. 8b). Moreover, recombinant FHA or PST
associated with pre-rRNA to form phase separation droplet
in vitro (Fig. 8c–e and Supplementary information, Fig. S15),
while RNase A treatment repressed the liquid-liquid phase
separation (LLPS) formation (Fig. 8f). Finally, reconstitution of
the MDC1-deificent cells with WT MDC1, but not the ΔFHA or
ΔPST mutant, could rescue the IRIF of pre-rRNPs (Fig. 8g and
Supplementary information, Fig. S16). Taken together, these
results suggest that MDC1 interacts with pre-rRNA for phase
separation of DSB repair factors at DNA lesions (Supplementary
information, Fig. S17).

Fig. 8 MDC1 and pre-rRNA form phase separation. a MDC1 is associated with pre-rRNA. Anti-MDC1 antibody was used to pull down pre-
rRNA in cells with or without 20 Gy of IR. Following anti-MDC1 pull-down assays, qPCR was performed to examine the interaction between
MDC1 and pre-rRNA. Primers of ITS1 and ITS2, two regions of pre-rRNA, were applied for qPCR. b The FHA domain and the PDT repeats of
MDC1 bind to pre-rRNA. GST, GST-MDC1-FHA, GST-MDC1-PST or GST-MDC1-BRCT proteins were used to pull down pre-rRNA. Following GST
pull-down assays, qPCR was performed to examine the enrichment of pre-rRNA. c, d LLPS of the MDC1–pre-rRNA complex. Recombinant
MDC1-FHA or MDC1-PST was incubated with pre-rRNA in the presence of a crowding agent (10% PEG 8000). LLPS was examined by
microscopy. e Microscopy images of individual droplet collisions at indicated time points. f LLPS of the MDC1–pre-rRNA complex is abolished
by RNase A treatment. Recombinant MDC1-FHA and MDC1-PST were incubated with pre-rRNA, followed by 1mg/mL RNase A treatment.
Statistical analysis of LLPS formation is shown in the right panel. g Full-length MDC1 (FL) but not the FHA domain or the PST repeats deletion
mutants restores IRIF in MDC1−/− MEFs. MDC1−/− MEFs were reconstituted with FL, ΔPST or ΔFHA mutants. IRIF of pre-rRNA and MDC1 were
examined by RNA probes and anti-FLAG antibody. The foci number of pre-rRNA was measured. **P < 0.01, ***P < 0.001. Scale bars, 10 μm.
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DISCUSSION
In this work, we have shown that pre-rRNA participates in phase
separation of DNA damage repair factors at DNA lesions, taking
advantage of the XY body. As mentioned, the XY body serves as a
hub to retain various DSB repair factors. Some of these repair
factors are covered in the whole area of the XY body, while others
localize at the unsynapsed axes of the X and Y chromosomes.19

RAD51 recognizes ssDNA processed from the DSB ends and only
localizes at the unsynapsed axes,19 indicating that SPO11-induced
DSBs exists at the unsynapsed axes. In contrast, γH2AX is known to
extend to mega-base away from DNA lesion,9 possibly accounting
for its whole XY body localization. Super-resolution microscopy on
IRIF also suggests that γH2AX localizes in the surrounding area,
whereas RAD51 exists in the central region of a solo DSB site.22

Interesting, pre-rRNA not only exists in the whole area of the XY
body, but is also enriched at the unsynapsed axes. Inhibition of
pre-rRNA biogenesis abolishes phase separation of DSB repair
factors (aka IRIF and the XY body), suggesting that pre-rRNA is one
of the major components to maintain the phase separation of DSB
repair factors.
Two different methods of fixation were engaged to examine the

localization of pre-rRNA in the XY body. With paraformaldehyde,
most proteins are preserved in the meiotic spreads, and we could
observe protein subunits of pre-rRNP co-localizing with DSB repair
factors in the XY body. However, due to protein interference, pre-
rRNA hybridization in the XY body is compromised, and its
localization at the unsynapsed axes was not very clearly shown
under this fixation condition. Thus, we chose methanol-acidic acid
to fix the meiotic spreads, which removed proteins and allowed us
to clearly observe the string-like pattern of pre-rRNA. For those
pre-rRNAs, we only found that 34S and 32S pre-rRNA in the XY
body, but not their ancestor 45S pre-rRNA. It is because 45S pre-
rRNA is quickly processed once it is transcribed from rDNA loci. It
has been estimated that the half-life of 45S pre-rRNA is merely 30
min in cell.50–52 Comparing the signal intensity of RNA probes in
the XY body, we roughly calculated the rRNA components in the
XY body, which are very similar to that in nucleolus. In fact, we
observed pre-rRNA infiltration into the XY body from early
pachytene to diplotene, suggesting a possible fusion of nucleolus
and the XY body. Moreover, like pre-rRNA, other nucleolus
components are also detected in the XY body, further indicating
the penetration of nucleolus components into the XY body. We
failed to find mature rRNA in the XY body, or other translation
machinery at DNA lesions, suggesting that these pre-rRNAs may
not be involved in protein translation.
We have demonstrated that pre-rRNA is recognized by various

repair factors at DNA lesions. Among these repair factors, MDC1
also plays a key role in maintaining phase separation of DSB repair
factors in both XY body and IRIF.43,44,53 We found that both the
FHA domain and the PST repeats of MDC1 interacted with pre-
rRNA. It is possible that the interaction between MDC1 and pre-
rRNA is the molecular basis for the phase separation of DSB repair
factors. Lacking either of them abolished the phase separation
(aka the XY body and IRIF) (Supplementary information, Fig. S17).
In MDC1-null cells, γH2AX could not form distinguished foci and
γH2AX condensates had a fuzzy boundary (Fig. 6d and
Supplementary information, Fig. S9e). Consistently, without the
pre-rRNA-associated FHA domain or the PST repeats, MDC1 failed
to maintain clear γH2AX foci (Supplementary information,
Fig. S16a). Moreover, pre-rRNA transcription suppression by pol I
inhibitor also induces similar phenomenon (Fig. 7a and Supple-
mentary information, Fig. S12a). Collectively, these results further
indicate that the interaction between MDC1 and pre-rRNA likely
provides scaffold for the XY body and IRIF formation, aka the
phase separation of DSB repair factors. Consistently, a recent study
indicates that the PST repeats of MDC1 are critical to attract HR
factors to DSBs, perhaps independent of H2AX.53 In addition to

MDC1, other repair factors such as BRCA1 and TOPBP1 also
recognize pre-rRNA in the XY body and IRIF. Since these repair
factors are downstream of MDC1 during IRIF formation, it is likely
that the MDC1/pre-rRNA complex facilitates the recruitment of
these repair factors to DNA lesions (Supplementary information,
Fig. S17). In BRCA1 and TOPBP1, the BRCT domain recognizes pre-
rRNA. It has been shown that the BRCT domain recognizes
phospho-Ser motifs.54,55 However, none of the known protein-
binding partners is required for the recruitment of BRCA1 and
TOPBP1. Interestingly, nucleic acid such as pre-rRNA contains large
amount of phosphate moieties. Thus, it is possible that a set of
BRCT domain recognizes phosphate groups in pre-rRNA. Further
analysis on these BRCT domains may reveal detailed interactions
between DSB repair factors and their functional partners in the
phase separation.
Pre-rRNAs associate with proteins and other non-coding RNAs

to form pre-RNPs.56 Here, we also found these proteins and RNAs
exist in the XY body and IRIF, while their functions remain elusive
in the XY body and IRIF. It is possible that these proteins and RNAs
act as passengers to be loaded at DNA lesions by pre-rRNAs.
Alternatively, different proteins and RNAs may have unique
functions in the XY body and IRIF. In particular, some protein
partners exist in the whole XY body, while others localize on the
unsynapsed axes, suggesting that different forms of pre-rRNPs
may play different roles in DSB repair. Nevertheless, this study
opens a new avenue for future exploring DSB repair.
In addition to phase separation, pre-rRNA may have other

profound functions at DSB sites. In particular, pre-rRNA is enriched
and colocalizes with RAD51 at the unsynapsed axes. Loss of MDC1
does not completely abolish the association of pre-rRNA onto the
X chromosome during meiotic prophase, indicating that in
addition to MDC1, other partners of pre-rRNA may mediate this
association. Moreover, recent studies have shown that a number
of ribosome protein subunits are substrates of PARP1.57–61 Given
the role of PARP1 in DDR, it is possible that ADP-ribosylation of
these ribosome protein subunits may play key roles in DNA
damage repair. We have shown that poly-ADP-ribose serves as
DNA damage signals for mediating the recruitment of numerous
repair factors to DNA lesions.62–66 And this is the first wave of
signals in response to DNA damage.67,68 It is possible that
ribosome protein subunits are PARylated and serve as platform for
host repair factors at DNA lesions.

MATERIALS AND METHODS
Plasmids
DNA fragment encoding the BRCA1-BRCT domain, TopBP1-BRCT5 domain,
MDC1-FHA domain, MDC1 BRCT domain or MDC1-PST repeats was cloned
into the pGEX-4T1 vector for recombinant protein purification. DNA
fragment encoding full-length, ΔFHA or ΔPST mutant MDC1 was cloned
into SFB vector for reconstitution of MDC1 in MDC1-deificent cells.

Animals
All mice experiments were permitted by Westlake University Animal Care
and Use Committee and were performed according to the approved
protocol. WT mice were obtained from Westlake University Animal Center.
H2ax−/−, Mdc−/− and Rnf8−/− mice were gifted by Dr Linyu Lu (Zhejiang
University).

Antibodies
The following antibodies were purchased from respective companies: Anti-
rRNA (Novus, NB100‐662), anti-RPL7A (ABclonal, A13713), anti-RPL6
(Proteintech, 15387-1-AP), anti-RPS3 (ABclonal, A2533), anti-FBL (CST,
2639S), anti-RPL4 (Proteintech, 11302-1-AP), anti-RPL13 (Proteintech,
11271-1-AP), anti-RPL14 (Proteintech, 14991-1-AP), anti-SCP3 (Santa Cruz,
sc-74569; Novus, NB300-232), anti-TopBP1 (Santa Cruz, sc-271043), anti-
MDC1 (Abcam, ab11169), anti-53bp1 (Abcam, ab172580), and anti-DNA-
RNA Hybrid, clone S9.6 (Millipore, MABE1095).
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Surface spread of spermatocytes (paraformaldehyde fixation)
Tunica albuginea was first removed from the tests. The seminiferous
tubules were then incubated in buffer I (30mM Tris-HCl, pH 8.2, 50 mM
sucrose, 17 mM sodium citrate, 5 mM EDTA, 0.5 mM dithiothreitol and 0.1
mM phenymethylsulfonyl fluoride) for 15min at room temperature.
Spermatocytes were released to the buffer I by forceps and same volume
buffer II (100mM sucrose) was added. This mixture was then screened by a
70 μm cell strainer. Finally, the screened cells were spread onto buffer III
(1% PFA, 0.15% Triton X-100, pH 9.2) pre-soaked glass slides. These slides
were kept in humidified chambers and air dried overnight.

Surface spread of spermatocytes (methanol/acetic acid
fixation)
The seminiferous tubules were incubated in KCL solution (75mM) for 1 h at
room temperature. Then the spermatocytes were released by forceps and
screened by a 70 μm cell strainer. Subsequently, 8 mL mixture was added
with 1mL freshly prepared Methanol/Acetic Acid fixation fixative
(Methanol:Acetic Acid = 3:1) and kept at room temperature for 10min.
Spermatocytes were spinned down and resuspended with fixative and
incubated for 20min at room temperature. After incubation, the cells were
spinned down and resuspended with moderate volume of fixative. Finally,
the cells were dropped onto glass slides and air dried.

RNA fluorescence in situ hybridization (RNA FISH) and
immunofluorescence (IF) staining for meiotic spreads
Meiotic spreads were first incubated with wash buffer A (SMF-WA1-60,
Bioresearch technologies, USA) for 5 min at room temperature. Slides were
then incubated with probes diluted by hybridization buffer (SMF-HB1-10,
Bioresearch technologies, USA) overnight at 37 °C. After probes incubation,
the slides were washed by wash buffer A for 10–30min at room
temperature. All the probes are listed in Supplementary Table S1. To
detect pre-rRNA, we mainly used probe 4 and 6 for in situ hybridization.
For IF staining, slides were incubated with primary antibodies diluted

with 1% BSA for 2–3 h at room temperature or overnight at 4 °C. PBS was
subsequently used to wash the slides three times. The slides were then
incubated with corresponding secondary antibodies for 2 h at room
temperature and washed three times with PBS. Hoechst staining (10 min at
room temperature) was done after RNA FISH or IF staining. Of note, the IF
staining was performed after RNA FISH staining in detection of both RNAs
and proteins.

Harvesting spermatogonia
In the testis of 3-week-old mice, most spermatogonia are in pachytene
stage. Tunica albuginea was first removed from the tests of 3-week-old
mice. Spermatocytes were released to DMEM medium by forceps. This
mixture was then screened by a 70 μm cell strainer. The cells were then
cultured in DMEM medium supplemented with 10% FBS and 1% penicillin
and streptomycin at 37 °C with 5% CO2. One hour later, most cells in the
supernatant were germ cells and were collected for RNA-ChIP assay.

RNA-ChIP assay
Germ cells were fixed in 1% formaldehyde for 10min at room temperature,
and 0.125M glycine was used to quench cross-linking with for 5 min. Cells
were washed twice with cold PBS and lysed with RIP buffer (100mM KCl,
5 mM MgCl2, 10mM Hepes, pH 7.5, 0.5% NP-40, 1 mM DTT, 100 U/mL
RNase inhibitor, protease inhibitor cocktail). The cells are homogenized by
sonication to an average fragment size of 1000 nucleotides and were
centrifuged at 15,000 rpm for 30min at 4 °C to remove the insoluble
materials. Next, lysis was pre-cleared with protein A/G beads in cold room
and immunoprecipitated with primary antibody following the ChIP
protocol. The beads were washed, and crosslinks were reversed following
the ChIP protocol. Then, RNA was precipitated with phenol-chloroform and
treated extensively with DNase I. After ethanol-precipitated, the RNA was
resuspended with nuclease free water. RNA-seq was performed by LC-Bio
Technology CO. Ltd., Hangzhou, China, with GEO number GSE184711.

RNA and GST-protein pull-down assay
Purified N-terminal GST-tagged proteins were incubated with total RNA
and Glutathione SepharoseTM 4B (17-0756-05, GE Healthcare) at 4 °C for
2 h. The reaction mixture was washed by NETN100 three times at 4 °C, and
the supernatant was discarded. PK buffer was then added to the sediment,
which was mixed and incubated for 10min at 37 °C. Same volume of

Urea/PK buffer was subsequently added to the mixture and incubated for
another 10min at 37 °C. After incubation, the mixture was centrifuged at
4 °C and the supernatant was discarded. The prepared RNA precipitator
(1 mL ethanol, 40 μL 3 M sodium acetate and 1 μL glycogen) was used to
precipitate RNA at –80 °C overnight. Finally, the protein-binding RNA was
purified by centrifugation (13,000 rpm 10min at 4 °C). RT-qPCR was
performed to detect the purified RNA. The primers are listed in
Supplementary Table S1.

Hybridization of recombinant proteins to meiotic spreads
N-terminal GST-tagged recombinant proteins were diluted in PBS and were
incubated with meiotic spreads for 1 h at 37 °C. These slides were then
washed by PBS three times. IF staining was performed subsequently. For
removing RNA, meiotic spreads were treated with 1 μg/mL RNase A for 30
min at 37 °C. Excessive pre-rRNA extracted from mouse embryo fibroblasts
(MEFs) was added to the recombinant proteins solutions for pre-rRNA
blocking before hybridization.

Polysome profiling
Cells were first treated with vehicle (DMSO) or BMH-21(1 μM). Before
collection, cells were treated with 100 μg/mL cycloheximide (CHX) for
10min. Cells were washed three times with PBS supplemented with
100 μg/mL CHX, then centrifuged at 1000 rpm for 3 min at 4 °C.
Subsequently, 500 μL lysis buffer (25 mM Tris-HCl, pH 7.5, 15 mM MgCl2,
150mM NaCl, 1 mM DTT, 1% Triton X-100, 0.5% Na-Deoxycholate, 8%
Glycerol, 100 μg/mL CHX, 100 U/mL SUPERase inhibitor) was used to
resuspend the cells. After centrifugation at 12,500 rpm for 10min, the
precipitate containing debris and nuclei was discarded. Total RNA was
evaluated by A260 and 7.5 OD of lysates were loaded on 10%–50% sucrose
gradients. The sucrose gradients were centrifuged on a SW41Ti rotor
(Beckman Coulter) for 4 h at 40,000 rpm at 4 °C. The fractioned samples
were measured by Microplate reader (Varioskan LUX).

Protein synthesis measurement
The protein synthesis of vehicle (DMSO)- or BMH-21-treated cells was
measured by the incorporation of puromycin into peptide chains. In brief,
cells were first treated with vehicle (DMSO) or BMH-21 (1 μM) and
subsequently incorporated with puromycin for 10min. Then the cells were
collected for western blotting assay. Anti-puromycin antibody (clone 12D10,
Merk, MABE343) was applied to quantitate overall neosynthesized protein.

BMH-21 treatment in mice
Ten 3-week-old male mice were separated to two groups, the vehicle (DMSO)
or BMH-21 (40mg/kg) treated group. DMSO or BMH-21 were injected every
3 days. Mice were sacrificed after 3 weeks’ treatment. The testes were
removed from the mice and were used for the following analysis.

ChIP in I-SceI-induced DSB system
An I-SceI site was knockedin on the X chromosome in HCT116 cells. HA-I-
SceI-GR pCW tet-on plasmid was transfected into the cells. Doxycycline
was applied to induce I-SceI expression and acetonide (TA) was applied to
translocate I-SceI to the nucleus. Finally, I-SceI cut the I-SceI site and caused
DSB. ChIP-qPCR was performed to determine the occupation of rRNA, FBL,
γH2AX, MDC1, BRCA1 or TopBP1 in this specific DSB site. Primers are listed
in Supplementary Table S1.

GFP-reporter assay to detect the efficiency of homologous
recombination repair
DR-GFP reporter is designed to measure homology-directed repair (HDR),
where a gene fragment (iGFP) serves as a template for HDR of an I-SceI-
induced DSB in an upstream SceGFP cassette. HA-I-SceI-GR pCW tet-on
plasmid was transfected to the cells. Doxycycline was used to induce I-SceI
expression and acetonide (TA) was applied to translocate I-SceI to the
nucleus. Finally, I-SceI cut the I-SceI site and caused DSB. Once this DSB
was repaired, the GFP expressed. Flow cytometry was performed to
examine the efficiency of homologous recombination repair.

Detection of rRNA and pre-rRNA-associated proteins in IRIF
Cells were plated on glass coverslips and treated with IR. After washing
with PBS, the cells were treated with HEB buffer for 30min and then with
sucrose solution (100mM) for 30min. The cells were fixed with 2%
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paraformaldehyde and permeabilized with 0.2% Triton X-100 in PBS for 30
min at room temperature. Stellaris RNA FISH and immunofluorescence
were performed according to the manufacturer’s protocol. Pre-rRNA
probes are listed in Supplementary Table S1.

Biostatistical visualization
Analysis of pre-rRNA and SCP3 on X and Y chromosomes: the 100 foci
showing highest signal strength were extracted together with the
neighbor data (±1 μm) from the immunofluorence photograph. The
normalized signal strength was visualized using ComplexHeatmap.
γH2AX foci analysis: the immunofluorescence photographs were

processed using python-based artificial detection algorithm to fetch loci
with highest response signals (correlated with the absolute value on the
green channel of the photograph, while the value ranged from 0 to 255).
This algorithm was optimized with a radius threshold of 0.5 μm so that the
selected loci would not affect each other. After extracting the co-ordinate
of the top 20 loci of each photograph with their absolute value on the
green channel, we used an R script to determine which axis (horizontal or
vertical) would be selected for each locus, based on the comparison of
standard deviation with the loci’s neighborhood within a radius of 0.5 μm.
The absolute values extracted from the green channel were divided by 255
to get a normalized matrix and then outputted as a heatmap using
ComplexHeatmap.

In vitro phase separation and RNA buffering assay
For the in vitro LLPS experiments, purified FHA or PST protein was
mixed with the phase separation buffer (100mM NaCl, 50 mM Tris-HCl,
pH 7.4 and 10% PEG 8000 (NEB)) and was directly pipetted onto a coverslip
under the microscope. During the LLPS experiments, every dynamic
process was observed by a Nikon microscope with 40× differential
interference contrast (DIC).
For the RNA buffering assay, the proteins were incubated with pre-RNAs

in the above phase separation buffer. Finally, 10 μL of each sample was
pipetted onto a coverslip and imaged. The pre-RNAs from 293T cells were
separated by agarose electrophoresis and collected by Spin Column RNA
Cleanup & Concentration Kit (Sangon Biotech).

Statistical analysis
Data were analyzed with GraphPad Prism 7.0 software. The data presented
were means ± SD. Statistical significance between two groups was
subjected to Student’s two-tailed t-test. P < 0.05 was considered statisti-
cally significant.
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